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INTRODUCTION
The Kalgoor lie-N orsem an area, also known as the Eastern Goldfields, 
is  in the great inland plateau of Western Australia approximately 400 m iles east 
of Perth, the State capital. The climate is  sem i-arid with an average annual 
rainfall of 10 inches. The elevation is approximately 1200 feet above sea level; 
relief is  low, only about 200-300 feet above the surrounding country. Physio- 
graphically it fa lls into the salt-lake (or salinaland) division of Jutson (1934), 
having an ephemeral and internal drainage system . The outcrops are few with 
probably not more than 5% of the country being exposed bed rock and in addition 
are strongly weathered. Fortunately numerous mines and prospect diggings 
together with drill cores provide a source of unweathered sam ples. In general 
the rocks here have low Rb and high Sr contents which makes them unsuitable 
for Rb-Sr age determinations. Approximately 600 samples were analysed for 
Rb and Sr by X-ray fluorescence in search of suitable m aterial.
Gold was first discovered in 1892 in Coolgardie and Norseman, 
and a year later in Kalgoorlie. Since then this area has been a major goldfield 
of Australia. The numerous detailed geological investigations were confined to 
small areas that were of importance to the mining interests. It was not until 
1961 that system atic mapping on a regional scale was undertaken by the 
Geological Survey of Western Australia. This thesis deals with some of the 
geochronological aspects of the Kalgoorlie-Norseman area, and the following is  
a brief discussion of the contents.
In Chapter I the principals of the Rb-Sr technique of absolute age 
measurement are outlined. Details of the reduction of m ass spectrom etric data, 
and the calculation of an age are given, which is  the basis of a computer programme 
developed for these calculations. This programme, however, was developed late 
in the course of the study and has been used to calculate only one age determination.
viii.
About half the analytical results were calculated by hand on a desk calculator, 
and the rest by computer using a somewhat less refined programme, details of 
which have been given by Brooks (1965).
Chapter II deals with the statistical assessment of the analytical 
measurements, and with the statistical treatment of results. This is supple­
mented by a draft of paper submitted for publication on "The statistical 
assessment of Rb-Sr isochrons" by G. A. McIntyre, C. Brooks, W. Compston
and A. Turek. This presents a new regression method for estimating isochrons,
87 86 87 86which allows for the known experimental errors in both Sr /Sr and Rb /Sr , 
and reveals the presence of any "geological effects" which exceed the known 
experimental error.
Chapter III gives an outline of the geology of the area, and is
based on recent publications of most up-to-date investigations.
Chapter IV contains the Rb-Sr analytical results together with
their interpretations. It is shown that the Archaean igneous and sedimentary
rocks have suffered a low grade metamorphism at 2665 - 25 m. y . , but it is
inferred that the rocks are younger than 2900 m. y. The oldest isochron age
is 2730 - 90 m. y. given by acid flows which have escaped metamorphism. In
87 86general low initial Sr /Sr ratios are indicated, the lowest is given by the 
acid flows, 0. 6929 - 0. 0039. The age of granite emplacement is 2612 - 13 m. y. 
This has been followed by the intrusion of basic dykes at 2420 - 30 m. y. There 
is now no record of subsequent igneous activity or metamorphism. The youngest 
rocks, Woodline Beds, are flat lying sediments 1620 - 100 m. y. old.
Gold mineralization is dated as 2400 - 30 m. y . , and so may be 
genetically related to the basic dykes.
Appendix A gives the petrography and details of sample locations. 
B - consists of additional tables and calculations, C - gives details and listings 
of computer programmes, and in D are drafts of two papers of which the writer
ix.
is  joint author.
The bulk of the Tables in th is  th esis  have been p repared  from
punched card s  on the IBM 407 l is te r . Data being frequently available on cards
as com puter output. A disadvantage of th is is  that superscrip ting  and lower case
87le tte rin g  is  not possib le . Thus, for example: RB-87 stands for Rb , s im ila rly  
x 10 is  w ritten  in F o rtra n  as *10E - 6. When isotopic analyses have been 
done in rep lic a te  the f i r s t  is  called "A” , second "B ", etc. Also when analyses 
have been done by isotope dilution as well as X -ray  fluorescence then they a re  
labelled ID and XRF, respec tive ly . The pages of Tables, F ig u res , and 
program m e lis tin g s  a re  not num bered.
The abbreviations used on the isochron d iagram s are: TR -  to ta l- 
rock, BT - b io tite , MU -  m uscovite, P L  -  p lag ioclase , KF - potash fe ldspar,
PX - pyroxene, PH - phlogopite. On isochron d iagram s w here all points a re  
to ta l-ro ck s  the suffix TR following sam ple num ber has been om itted. Also 
points excluded from  isochrons a re  plotted as triang les.
CHAPTER - 1
THE RUBIDIUM-STRONTIUM TECHNIQUE
Theoretical Aspects
The element rubidium occurs in trace amounts in virtually all
m inerals. It does not form minerals of its own but proxies readily for potassium
in crystal lattices. Rubidium is composed of 2 isotopes, mass 85 and 87 having
85approximate abundances of 72 and 28 atomic percent, respectively. Rb is
87 87stable, Rb is radioactive and decays by ß particle emission to Sr . The
accumulation of radiogenic strontium 87 in a mineral of age t is given by the
equation:
87 ,87 -X t ,N (* Sr ) = N (Rb ) (e - 1)
where N refers to the number of atoms of daughter and parent found; at the 
present time, and X is the decay constant. The above equation can be rewritten 
as:
87 87
X t = Ln (1 + *Sr /Rb )
or X t - 0 - 02 .^ 2 ---------------- (1)
87 87where 0 = *Sr /Rb . The higher term s of the expansion may be ignored, 
and in fact for samples of Paleozoic or younger age the equation of X t f  0 
is accurate enough. The situation is however complicated by the omnipresence 
of "common strontium” which consists of isotopes 84, 86, 87, 88 having approxi­
mate abundances : <1%, 10%, 7%, 83%, respectively. It therefore becomes
87necessary to know what amount of total Sr present is due to radioactive decay
and what part is "common strontium” . For this reason the early usage of this
technique was confined to potassium rich minerals such as micas which contain
87little strontium and therefore practically all Sr is radiogenic, so that the
87problem of knowing the exact atom abundance of Sr in common Sr was avoided.
2 .
However, for sam ples containing appreciable amounts of strontium  it is  n ecessa ry
87to estab lish  the in itia l Sr .
87 87 87The radiogenic *Sr is  to tal Sr m inus in itia l Sr . This expressed  
86in equation form  as a ra tio  of Sr is:
R -  R. 
P i
(2)
87 86 87w here R^ is  Sr /S r  p resen t day, and R  ^ is  Sr /S r
position of Sr at tim e of form ation of the sam ple.
From  equation (2) the following rela tion
86 in itia l isotopic corn-
can be established:
Combining equations (1) and (3) the final form ula fo r t is
From  th is  equation the p rac tica l operation of the rubidium  strontium  technique is
86 87explicit. I t  is  n ecessa ry  to determ ine Sr , Rb and R^ ; R  ^ m ust e ither be
assum ed to be about 0. 70, which w ill give the c o rre c t age if R^ is  high, o r it
m ust be in fe rred  from  the analysis of another cogenetic and coeval sam ple having
a d ifferent R b/Sr ra tio . M oreover i t  is  n ecessa ry  to know X  ; in th is study it is
taken as 1.39 x 10 11 d isin tegrations /a to m  /  y ear corresponding Tj  ^ of 5. 0 x lO1^
2
y e a rs . I t is  believed that th is  value, o rig inally  estab lished  by Aldrich et. a l .
(1956) by com parison with U - Pb ages, is  not m ore than 2% in e r ro r .
Considerable con troversy  cu rren tly  ex ists  over the half life of 
87Rb . This has recen tly  been review ed by Leutz e t . al. (1962). The value widely 
used in North A m erica and B rita in  is  4. 70 x lO1^ y ears  ( X  = 1.47 x 10 11 yr *)
3 .
as obtained by Flynn and Glendenin (1959) by liquid scintillation counting. Since
87then at least 6 values of A for Rb have been published viz: 1. 47, 1.19, 1.19,
1.32, 1. 25 and 1.19 x 10 yr_3. (Leutz ibid). In this laboratory Dr. W. Compston
finds that A of 1. 39 x 10 11 yr 1 is more compatible with K-Ar and K-Ca ages 
obtained on the same minerals. However, irrespective of the choice of decay 
constant the relative ages will always be correct if they are calculated using the 
same value.
The Isochron Concept.
The following equation follows from (3) above:
R
P
0 + R.
l
(5)
87 87This is a first order equation having a slope 0 ( 0  = *Sr /Rb ) and R. the
independent variable. It is therefore possible to represent analytical results
87 86 87 86diagramatically on a plot of Sr /Sr vs Rb /Sr . Coeval and cogenetic
P
samples which have remained closed chemical systems, with respect to Rb 
and Sr, since their formation will plot on this type of diagram along a straight 
line called an isochron. This graphic method was introduced by Nicolaysen (1960).
The slope of the line is proportional to the age of the samples, and the intercept
87 86 87 86on the Sr /Sr axis gives the composition of Sr /Sr (initial ratio) common
to all the samples at the time of formation. Such graphic treatment is highly 
amenable to statistical analyses - the line is fitted by the least squares method 
and confidence limits can be given to the slope and the intercept. The statistical 
treatment is discussed in detail in Chapter II.
The failure of coeval and cogenetic samples to fit an isochron 
within experimental error would suggest that subsequent to the time of formation, 
redistribution of Rb or Sr has taken place. However if metamorphism has con­
tinued so that complete mixing of common and radiogenic strontium occurred
4 .
between sam ples, then co linearity  of points defining a good isochron will again
be found. In th is case the  slope of the line will give the age of m etam orphism  or
87 86anatex is, but in general the in itia l Sr /S r  will be high. The study of th is  
p a ra m e te r in various rock  types has now becom e a field  in its  own righ t having 
profound im plications on the genetic aspects of rocks.
The Significance of In itial S r ^ /S r * ^ .
The isotopic com position of strontium  has been changing throughout
geological tim e . This change is  due to the association  of Rb with Sr resu ltin g
87in an addition of *Sr to the o ther na tu ra l strontium  iso topes. Thus the isotopic 
com position of Sr at tim e of nuclear syn thesis, o r tim e of the form ation of the 
earth  is  unknown.
87 86The bulk of published data on in itia l Sr /S r  indicates that 
continental accre tion  has taken p lace by generation of new s ia lic  m ate ria l ra th e r  
than by anatexis of p re -ex is tin g  rocks. Of m ore general application is  the d is ­
covery of F au re  and H urley (1963) that b asa ltic  rocks p o ssess  a strik ing ly  s im ila r  
87 86and low in itia l Sr /S r ra tio s , though recen t in c reas in g ly -p rec ise  work is  
revealing  very  d istinct p a tte rn s  within b asa ltic  rocks. Assum ing a common
so u rce  fo r b asa lt, say the upper m antle, the source m a te ria l m ust be hom ogeneous,
87 86well m ixed and low in Rb, as  the Sr /S r  for b asa lts  of various ages is  so
su rp ris in g ly  s im ila r. M ore recen tly  Hedge and W althall (1963) have shown that
87 86th ere  is  a m easurab le  in c re a se  in the in itia l Sr /S r  with tim e. They p lace
p re sen t day oceanic b asa lts  as having in itia l ra tio  of 0. 703, decreasing  to 0. 6098
88 86at 2600 m. y. ago (norm alised to  Sr /S r  = 8.375). As m ass  fractionation
87 86occurs during m ass sp ec tro m ete r ru n s , the m easured  Sr /S r  ra tio  has to  be
88 86norm alised  to a ra tio  of two stab le  isotopes usually  Sr /S r  . In th is th e sis  
the ra tio  is  taken as 8. 340, th is  being the mean value observed in severa l hundred 
independent analyses. However for in te r com parisons between lab o ra to rie s , i t  is  
being custom ary  to use the value 8.375 as a standard  fo r common strontium .
5 .
Some of the low  in it ia l ra tio s  -  which are  of im portance to th is  
study -  obtained by o ther w o rke rs  on ancient rocks and m eteorites  is  given below 
in  tabulated fo rm .
Author Age S r ^ / S r ^  ( in itia l)
N o rm a lized  to S r ^ / S r ^
= 8.375 =8.340
Hedge and W a ltha ll (19641)
Oceanic basa lt, andesite 
rh y o lite  (15 samples)
< 250 m. y. 0.7027 0.7013
E ly  greenstone 
(M ineso ta )
2600 m. y. + 0.6998
0.0015
0.6983 
-  0.0015
A northos ite
(Ontario)
2600 m. y. +
0.6997
0.0015
0.6982 
-  0.0015
Pasemonte achondrite ? 4.55 b .y . 0.6983 0.6968
Gast (1962)
Pasemonte achondrite ? 4.55 b .y . 0.6985 0.6970
Pinson et. a l. (1965)
Stony m e teo rites 4. 52 b. y. 
-  0.12
+ 0.698
0.001
0.697 
-  0.001
M urthy  and Compston (1966)
Chondrules and carbonaceous 
chondrites 4. 46 b. y. 
4.58 b .y .
0.7007
0.7001
0.6993
0.6987
Compston et. a l. (1965)
B ish o p v ille  aub rite 3 .5  -  3 .9  b .y . + 0.7029
0.0020
0.7015 
-  0.0020
F o r the B ish o p v ille  aub rite  the unce rta in ty  given is  the 95% confidence l im it ,  a ll 
others are  standard deviations.
6 .
Experimental Procedure.
Sample preparation and mineral separation. Samples of about 5-10 
lbs are crushed by jaw crusher down to fragments. For samples from which 
no minerals are to be separated the rotating disc pulverizer is then used to reduce 
the grain size to about - 40 mesh. About 20 gms of this is taken and crushed in 
a ball mill to pass -100 mesh B. S. sieve, and further split down to 10 gms. The 
pulverizer cannot be used where minerals are to be separated as this reduces the 
grain size too much. Instead a rotating roller mill is used. The sample is 
crushed to -36 B. S. From this 20 gms of sample is split out for total rock 
analysis and treated as above. The rest is sieved through -60, -80, -120 sieves. 
Micas and other platy minerals are usually concentrated in the -36 + 60 fraction 
while feldspars are best separated from the finer fractions. The laboratory 
for mineral separations is extremely well equipped and includes: magnetic, 
isodynamic and isostatic separators, macro and micro panners and heavy liquids. 
All equipment at some stage in the various separations has been used. The 
accepted mineral purity is 98% +, however, in certain cases this was not possible 
to achieve - this is mentioned in the text.
Chemical preparation of sample. Details of chemistry and contamin­
ation levels in this laboratory have been given by Compston et. al. (1965). For the 
reader's convenience the following brief description is given.
Usually about \  gm of sample accurately weighed out is dissolved
in a platinum dish using 10 mis of 48% HF, then 5 mis 70% HCIO + 5 mis HF, and
3
this is taken to dryness on a hot plate. The solids are then taken up in 30 mis of 
2. 5 N HC1, transferred to a weighed beaker and reweighed. Separate aliquots of 
this solution are then taken for the Rb and Sr determinations to which about . 1 gm 
of spike solution is added. The weight of aliquot taken depends upon the amount of 
Sr and Rb in the sample which is first roughly determined by X-ray fluorescence 
analyses. The desired concentration to be handled is 10 ppm Sr and 20 ppm Rb;
7 .
of th is  3 .6  ppm  is  the Sr 86-84 spike and 6 ppm is  Rb spike, the rem ain d er 
being sam ple Sr and Rb. The Rb and Sr is  then concentrated via ion exchange 
columns using Dowex 50-W -X8, 200 -  400 m esh re s in . The stron tium  is  eluted 
using 2. 5 N HC1 between 75 -  100 m is, and 1 N HC1 for Rb between 130 - 155 
m is. The eluted sam ple is  taken to d ryness and is  now ready for m ass 
sp ec tro m etry .
M ass sp ec tro m etry . Once again a m ore  detailed descrip tion  of 
the instrum entation  has been published by Compston et. al. (1965). The analysis  
in th is  study have been m ade using e ither of the 2 com m ercial solid source  
m achines: the 6 inch 90° sec to r M etropolitan V ickers MS 2 -  SG or the 12 inch 
60° sec to r Nuclide. Isotope ra tio s  a re  m easured  by switching the m agnetic field  
on the MS -  2, and switching the acce lera ting  voltage on the Nuclide. Both 
m achines use  tr ip le  filam ent ionization technique.
Isotopic ra tio s  a re  m easured  on the MS -  2 m achine by rap id  peak 
switching effected by push-button selection  sw itches to p re se t values fo r the 
re fe ren ce  voltage of the m agnet power supply. Thus d ifferent iso topes a re  
collected and beam  in tensities  a re  com pared for the following p a irs  of iso topes:
Rb /R b , Sr /S r , Sr /S r , Sr /S r  . Connected in p a ra lle l to the 
Cary e le c tro m e te r  a re  a ch art re c o rd e r , for graphic display purposes only, and 
a digitizing system  com prising a vo ltage-to-frequency converter, a counter, and 
a digital re c o rd e r . The beam  voltages for each isotope a re  ’’counted” for one 
second; the fixed delay tim e for switching to another beam  is  about 5 seconds, the 
tim e req u ired  for full response  of am plifier and m agnetic field. The Nuclide 
m achine opera tes on voltage switching to give s im ila r digitized output. D etails 
on th is  m achine and on voltage switching will be published by A rriens and 
Compston (1966).
85 87(a) The rubidium  run is  done by rap id  peak switching between Rb and Rb .
About 8 to 10 ra tio s  a re  taken on each of the two side filam ents.
87
8.
(b) In the case of spiked strontium the ratios measured are 86/84, 88/86,
87/86 and 86/84 in that order, with usually about 10 ratios for each
85set. Two readings on Rb are also taken before and after the 87/86
87ratio, which are used to correct the 87 reading for the Rb contri­
bution. The first and last 86/84 ratio monitor the mass fractionation 
taking place during the run, and the measured ratios can be normalized 
to the double Sr 86-84 tracer,
(c) In unspiked Sr, the ratios measured are 88/86, 87/86, 88/86, Once
87again Rb , if present, is corrected for. Control on mass fraction­
ation is imposed by the 88/86 ratio, and the 87/86 is normalized to 
Sr88/Sr86 = 8.340.
The tail corrections in the strontium runs are estimated from the mass spectrum 
drawn at the end of each run.
The X-ray technique. As a preliminary procedure, all samples are
analyzed by X-ray fluorescence to determine their Rb and Sr contents. From
87this the enrichment in Sr over common strontium may be estimated and so
the suitability of the sample for an age determination can be assessed. In
addition a rough estimate of the Rb and Sr contents is very useful in determining
the ratio of sample to spike required for optimum analysis by isotope-dilution.
With certain refinements and for certain samples, the X-ray
method can be sufficiently accurate to replace isotope dilution analysis as the
87 86means of measuring Rb /Sr , The unspiked strontium must be isotopically
87 86analyzed of course to provide (Sr /Sr ) and also to convert from total Sr
&as measured by X-ray fluorescence to S r .  The method is as follows:
Roughly about 2 gms of sample (-100 mesh B. S.) are taken and 
compressed into a pellet, with boric acid as backing for extra strength, apply­
ing a pressure of 4 tons/sq. inch. The Sr peak is at 2 0 = 25° using Mo Kö  ^
radiation, A 2 0 between the Sr and Rb peak is 1.48 °. Background readings
9.
are taken at 0.74° before the Sr peak, half way between Sr and Rb peak and 
0. 74° after the Rb peak. Background and peaks are counted in seconds for 
400,000 counts. The counts/sec for Sr and Rb is then calculated. Slight 
corrections have to be made for the curvature of background and tail effect of 
one peak on the other. A separate experiment is performed to determine the 
mass absorption coefficient for each sample. The Rb and Sr are calculated 
according to the following equations:
counts/sec x mass absorption coefficient
Rb (ppm) = ----------------------------------------------------------------
K(Rb)
counts/sec x mass absorption coefficient
Sr (ppm) = ----------------------------------------------------------------
K v (Sr)
Where K is a constant based on standard samples, for conversion of counts/sec 
to ppm.
And
Rb (mi cr o -mol s /gram)
86Sr (micro-mols/gram)
Rb (ppm)
308.0
Sr (ppm)
(824.6912 + 87 (Sr8?/Sr86)
P
The writer was introduced to this accurate technique by Mr. B. 
Chapell of the Geology Department, and I am greatly indebted to him for his 
assistance. This method was developed by Dr. Norrish of C. S.I. R. O. - 
Adelaide (Norrish and Hutton, 1964). Thirty samples have been analysed by this 
method and subsequently 16 of them have been redone by isotope dilution. In 
most cases the agreement between the two methods is good. The X-ray technique 
is not accurate enough at low concentrations of Rb and Sr, and when the Rb/Sr
10 .
ra tio  is  g re a te r  than 50, because the ta il under Sr due to Rb becom es too g rea t.
A com parison of re su lts  by the two methods is given in Table 1. M r. B.
Chapell finds b e tte r  ag reem en t between the two methods on g ran ites and th e ir
m in era ls  than has been found here .
A te s t  of accuracy  of the two methods can be made by a sse ss in g
87 86the re s id u a l variance  of an isochron  using the Rb /S r  value determ ined  by 
isotope dilution and by X -ray . F or sam ples of the Woodline Beds (V277 - 
Table 1) the re s id u a l v a riances of the le a s t squares fit a re  as follows:
-  87 i 86
Rb /S r Residual variance
Isotope dilution
I T
X -ray
M easured * 44. 91
C alcu la ted*  100.24
M easured 51.13
U nfortunately the above re g re ss io n s  a re  based on only 2 degrees of freedom
and not much can be said  as to  which is  the m ore accu ra te  method. However, I 
87 86 87 86feel that X -ray  Rb /S r  with a m easured  Sr /S r  is  a t leas t as good as 
isotope dilution R b ^ / S r ^  and calculated S r8 V s r 86.
Calculation of a R b-Sr Age.
The m ethod of calculation described  below is  new to th is  labo ra to ry  
and will henceforth  be routinely  used here . It is  geared  to com puter usage and 
is  su p erio r to the p ast hand calculation being tim e saving and free  of human 
e r ro r s .  This method is  not the w r i te r ’s orig inal but was learned  from  D rs. 
Compston and A rrien s . However, the com puter p rogram m e developed fo r th is  
calculation is  orig inal. The p rogram m e is  included in Appendix C. It has been 
w ritten in F o rtra n  II-D  fo r use  on the IBM 1620 com puter. It will run  equally
*The m easu red  Sr /S r  is  d irec tly  m easured  from  an unspiked run , while 
the calcu lated  is  from  a spiked Sr run.
TABLE 1 ANALYTICAL RESULTS OBTAINED BY THE ISOTOPE DILUTION 
AND X-RAY FLUORESCENCE TECHNIQUES.
ISOTOPE DILUTION----  -- X-RAY FLUORESCFNCE---
SAMPLE MICROMOLS/GRAM RB87/SR86 MICROMOLS/GRAM RB87/SR86
RBR7 SR86 RB8 7 SR 86
V27 7(1) TR .27955 .09242 3.024 .28035 .09190 3.051
V27 7 ( 2 ) TR .26519 .14584 1.818 .27381 . 1 S762 1.737
V277(3) TR .25537 .05921 4.313 .26185 .05937 4.410
V277(4) TR .15554 .02185 7.118 .15524 .02071 7.496
V27 7(5) TR .22444 .28905 .776 .23539 .30097 .782
V149 ( 2 ) TR .24143 .00624 38.665 .24901 .00690 36.088
V 1 2 9 ( 2 ) TR .10748 .09552 1. 125 .10799 .09697 1.114
V 18 6 TR .23090 .05704 4.047 .23954 .06128 3.908
V18 8 TR .15477 .03749 4. 128 .15696 .03787 4.145
V1 8 5 TR .18156 .03060 5.933 .18502 .03329 5.558
V1 8 7 TR .22187 .02014 11.013 .22926 .02599 8.821
V174(1) TR .37152 .25424 1.461 .38059 .26222 1.451
V174(2) TR .31274 .27363 1.143 .31180 .26695 1.168
V174(4) TR .15890 .41444 . 383 .14890 .42770 .348
V14 7 ( 1 ) TR .36722 .62659 . 586 .36930 .62107 .595
V14 8 ( 2 ) TR .04671 .04407 1.060 •04444 .04462 .996
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well on the IBM 360/50 m odel, which is  cu rren tly  being installed .
Calculation of ra t io s . The isotopic ra tio s  a re  calculated from  the
digitized peak heights. An offset positive zero  is  always se t up and th is  has
to be sub tracted  from  each peak height. Zero s ta tic  is  m easured  with the beam
switched off at the beginning and end of each run. During peak switching the
e lec tron ic  c irc u itry  does not have enough tim e to fully reco v er to th is  sta tic
zero , hence the zero  under the peaks, zero  dynam ic, is  up to 5 counts higher
than s ta tic  zero . Zero  dynam ic is  m easured  at the end of the run by switching
beam  on and off a t the sam e tim e in terval as for peak switching. F o r an
unspiked Sr run the "beam  on” position is  on m ass 88 and for spiked Sr run
on m ass  86. In the  Rb rim  only zero  s ta tic  is  used as the peaks a re  of com -
87 86 87p arab le  height. In the calculation of the Sr /S r  ra tio , co rrec tion  for Rb 
in the 87 beam  m ust be m ade. Two counts, with zero  s ta tic  under them  a re
taken at the beginning and end of the 87/86 com parisons. These a re  converted
87 87
to Rb using a Rb fac to r, calculated  as shown la te r . The Rb counts to be
sub tracted  from  the successiv e  peaks a re  worked out by in terpolating  the s ta r t  
87and end Rb counts.
The rubidium  calcu lation . F rom  the digitized m ass spec tro m ete r 
85 87output the Rb /R b ra tio  of the m ix ture  (sam ple + spike) is  calculated. The
87m olar concentration of Rb in the sam ple is  given by the equation:
^,85/87
Rb X . W
f  r 85/87 
m eas 
„85 /87
v
_sp__
,85/87
Lm eas
W here X is  the spike concentration, W is  weight of spike, M is
85 87weight of sam ple taken. R re fe rs  to the Rb /R b ra tio s ; "m eas" is  sam ple + 
spike, "sp"  is  spike, " sa "  is  sam ple and h e re  taken as 2.6000.
The spiked stron tium  calculation. Ratios m easured  in a spiked run
a re  86/84, 88/86, 87/86, 86/84 in tha t o rd e r. The beginning and end 86/84 and
1 2 .
88/86 ra tio s  a re  f i r s t  calculated.
(a) M ass d iscrim ination: The following constants for m ass d iscrim ination
have been calculated for voltage-sw itching using the Nuclide m ass
sp ec trom eter (A rriens and Compston, 1966): d iscrim ination  for
Sr88/S r 88 (spiked Sr run) is  . 977 of d iscrim ination  of S r88/S r8^;
87 86discrim ination  Sr /S r  (spiked run) is  .491 discrim ination  of
86 84 87 86Sr /S r  ; and d iscrim ination  fo r Sr /S r  (unspiked run) is  . 5028
88 86of the d iscrim ination  for Sr /S r  . M ass fractionation an d /o r m ass  
d iscrim ination  during the run a re  m easurab le  by the 86/84 ra tio s .
As a f i r s t  step the beginning and end Sr88/S r 84 ra tio s  a re  in terpolated
88 86 87 86to ’’tim e 2” when Sr /S r  was m easured  and ’’tim e 3” when Sr /S r
was m easured . It is  assum ed that the re la tion  of norm alized  to
m easured  ra tio s  is  according to the equation:
87/85
3norm
87/85
)m eas
88(b) Calculation of co rrec ted  Sr /S r
86/84
rnorm
86/84
m eas
86
88/86rnorm
88/86rm eas
86/84 
mix
From  the funda-
Owing to m ass-d iscrim ina tion  R
• k ,~i „86/84  . . . . . .  „8 8 /8 6is  observed as R , and sim ila rly  for R .m eas mix
m ental m ass spec trom eter equation A rriens and Compston (1966)
88 86develop the following equation between the enrichm ent of Sr and Sr :
1 -
From  the relationship  
M ixture 88
88/86"> r  86/84
'mix 0.977 <
■tv •
1 mix
88/86 r 86/84
'meas J meas
Sample 88 + spike 88
M ixture 86 Sample 86 + spike 86
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by a lgabraic  m anipulation the following equation is  developed :
Q
88/86
mix - R
88/86  
sp___
88/86 -  R88/86mix
(Ü )
86 84W here Q is  sam ple 86 /sp ike  86. And by s im ila r algebra Sr /S r
for the m ixture becom es 
86/84
l y ___ . “mix
86/84 , ,
R (1 + Q)sp _______
1 + ( Q . R86/84 /  R86/84) sp sa
(iii)
F rom  the above 3 equations a quadratic equation
AX2 + BX + C = 0
, , , , , 88/86  can be developed, w here X is  R .mix
The equation is  solved by the general quadratic form ula; positive 
solution is  re a l. The coefficients A, B, C a re  :
„86 /84
B
m eas
^88 /86
m eas
86/84
im eas
8^8/86
m eas
86/84 - R86/84
t86/84
m eas
86/84 
sa
(0. 977 -  1) 
(0. 977 -  1) 
- 0.977 .
^88/86 r 86/84
sa sp
86/84 86/84
i t sp XV sa
86/84 88/86
i t  •sa XV sa
86/84 r 86/84
'sp sa
.88/86 + R86/84m eas
0 86/84
-  IV sp
88/86 -  R
,88/86
sp
88/86
sp
14 .
R f i  / 0 4 .  O C  CM
The R is  the in terpolated  value at " tim e 2" of the Sr /S r
meaS 88/86 86/84
ra tio s . In th is th esis  R = 8.340, and R = 17.400. --------  sa  sa
86 84(c) C alculation of the m ix tu re  Sr /S r  : F rom  equation (i)
r
0 . 9 7 7 - 1  +
86/84
mix
.86/84
m eas
r 86/84 i s at " tim e 2". 
m eas
88/86
mix
88/86
m eas
0.977
(d) The rubidium  factor: If th e re  w ere no m ass d iscrim ination  the Rb
85 87fac to r would be 1/Rb /R b , in th is  case  0.385. F rom  the re la tion
shown in (a) :
Rb factor
^86/84
m eas
86/84
mix
2.6000
This w orks out usually  < 0.385 and depends on m ass d iscrim ination .
87It is  now possib le to m ake the appropria te  adjustm ents for Rb in the
87 86stron tium  beam  and calculate  Sr /S r  ra tio .
86 86(e) Calculation of Sr : The m olar concentration of Sr is  given by the
equation
86
Y . W . Q
86 86W here Q is  Sr /  Sr and is  calculated from  equation (ii) above, 
sa  sp
Y is  spike concentration, W is  weight of spike, and M is  weight of 
sam ple.
87 86 87 86
(f) Calculation of Sr /S r  p re sen t day (R ) : The c o rre c t Sr /S r
P
of the m ix tu re  is given by the following equation :
15 .
87/86
-tv •/ ■-m ix
In th is  case  
And
r 87/86
m eas
1 -  0.491
86/84 .R is  at ’’tim e 3” .m eas
r
1
’ r 86/84 
m eas
, -fi86/84 I 
R m ix 1
r 86/84 )
m eas
V. J
R
P
87/86
■tvmix ( l  + Q)
Q
r 87/86
___
The unspiked strontium  calculation. The ra tio s  m easured  a re  
88/86, 87/86, 88/86 in that o rd er. The calculation is  much sim pler than for 
the spiked run. Once again a rubidium  facto r has to be calcu la ted ,. as follows:
88/86
Rb factor m eas88/86
sa 2.6000
88/86  88 86 w here R is  the mean of the beginning and end Sr /S r  ra tio s . In the
m eas gg
previous notation th is would be ’’l im a  2” , tim e at which Sr /S r  is  m easured .
87 86The norm alized Sr /S r  p re sen t day (R ) is  :
^87/86
m eas \ 1 -  0.5028
r n„88 /86  88/86R -  Rm eas sa
88/86
L m eas J
Once again R88^86 is  at ’’tim e 2” . m eas
E rro r  M agnification. Q, which has been defined as sam ple to spike
ra tio  for a given isotope, depends on the e r ro r s  in R , R , R . . For anysa  sp mix
given m ixture where R and R a re  known the proportional e r ro r  in Q willsa sp
alwavs exceed the proportional e r ro r  in R . by a factor called e r ro r  m agnifi-
m ix ------------- -------
cation by Jam ieson  and Schreiner (1956).
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Fractional error 
in Q
Error
Magnification
Fractional error in the 
measured ratio
Depending on R and R there will be an optimum mixture where errors in sa sp
measured ratio are least magnified in calculating Q. Thus error in the 
87 86calculation of Rb and Sr concentration are somewhat magnified through
this multiplier. For the current Rb spike the error magnification at its lowest
is 1. 2 and in practise rarely rises to 2. For the Sr spike this multiplier is
861. 35 at its lowest, but may be as great as 5 for samples with low Sr . For 
each particular analysis of Rb or Sr the error magnification (E) is given by 
the following equations:
R (Rmeas sa -  R ) sp'
Rb (R - R ) (R - R >sa meas meas sp
and
85 87Where R denotes ratios of Rb /Rb
(R - R ) R . sa sp mix
- R . ) (R mix mix V
, , 88 , 86 here R refers to Sr /Sr ratios.
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CHAPTER II
STATISTICAL ANALYSES AND TREATMENT OF RESULTS
Introduction
The s ta tis tic a l te rm s  and equations used a re  defined below. These 
definitions conform  with standard  textbooks on s ta tis tic s  (e. g. Kenney and 
Keeping, 1954, Acton, 1959).
Mean absolute deviation is  the average of the absolute deviations 
from  the m ean.
1
M. A. D. = —  2  f. I x. -  x
N 1 , 1
w here x  ^ is  a p a r tic u la r  value of the variab le  x; x is  the mean of the  population; 
f. is  the frequency of occu rren ce  of a p a rticu la r x.; and N f ) is  the num ber 
of sam ples or observations.
Standard deviation is  the root mean square average of the 
deviations from  the m ean
SD (x.
l
SD has d esirab le  a lgebraic  p ro p e rtie s  having the sam e dim ensions as  the mean.
The sam ple SD is  denoted by s , and the population SD is cr.
V ariance is  the square  of the standard  deviation.
V ar = (SD)2
It has g re a te r  general applications than the SD, being dim ensionally c o rre c t for 
subsequent s ta tis tic a l analyses and te s ts  (e. g. see  testing  and pooling of isochrons). 
Most analyses a re  concerned in the decom position of to tal variance and the 
cumulant p ro p e rtie s  of variance. As in SD distinction is  made between sam ple
18 .
variance  s , and population variance a .
V ariance between duplicates (1 degree of freedom ) is:
2 2 2 
(Dup-  ^ -  Dup2 ) /  2 or (Mean -  Dup^ ) + (Mean - Dup2) .
Standard e r ro r  is  an estim ate  of the standard  deviation
SE = J V ar
Coefficient of varia tion  is  a m easure of re la tiv e  variab ility  and 
is  commonly re fe r re d  to as % standard  deviation, but the la tte r  is  not a 
recognized s ta tis tic a l te rm .
C of V
SD x 100
Mean
Between duplicates:
C of V
100 x I Dup^ - Dup2 I 
^ 2  x  Mean
D egrees of freedom . This is  the num ber of independent quantities. 
It is  hard  to define c lea rly  and is  probably b est understood by an example. In 
fitting a le a s t sq u ares  line to, say, 10 points we have 8 degrees of freedom .
The 10 points a re  not independent variab les . Two points will define a line so 
th e re  a re  only 8 (N-2) quantities tha t a re  independent. S im ilarly  in estim ating 
a population variance  th e re  a re  N - l  degrees of freedom , because N and
— i= l —(x. -  x ) a re  lin ea rly  re la ted  as ^  (x. -  x ) = 0.
1 N 1
Confidence l im its . This too is  b est defined by an example :
Age = 2600 -  30 m .y . w here the uncertain ty  is  the 95% confidence lim it. If
the experim ent is  perfo rm ed  100 tim es 95 tim es out of 100 the observed age
will lie  between 2570 and 2630 m. y. There is  s till a 1 in 20 chance of being
wrong. The probab ility  of the tru e  age of being outside the se t lim its  is  P = . 05.
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Another popularly -used  confidence level is  99% for P = .01; 
the penalty for the higher confidence is  la rg e r  confidence lim its.
Confidence lim its  = S. E. x t
1
w here t  = ( x -  u ) /  [ s /  (N -l)2 ] has a d istribution  that can be rep resen ted  
m athem atically , and has been extensively calculated. This is  the ’’Student’s -  t” 
d istribu tion  which depends on the degrees of freedom  and is  independent of a .
87 86P rec is io n  of the Rb and Sr M easurem ent
P rec is io n  fo r th ese  m easurem ents can be calculated from  
rep lica te  analyses as shown in Tables 2 and 3. The variance shows arpositive 
trend  with the va ria te  and in th is  case  is  not an applicable m easu re  of d ispersion .
However, the coefficient of varia tion  is  free  of trend .
87 87Rb m easurem ent. The coefficient of variation for a single Rb
m easurem ent is  0.424 (Table 2). The rubidium  run consists  of separa te  
m easurem ents of the 85/87 ra tio  on each of the 2 side filam ents. D isagree­
ment between the 2 re su lts  is  produced by m ass  fractionation taking place during 
the run. F or 91 Rb runs th is fractionation has been m easured  as 0.1304 
(coeff. of variation). This calculation is  shown in Appendix B, and com puter 
p rogram m e is  in Appendix-6. Allowing for e r ro r  m agnification, even up to a 
facto r of 2, the instrum ental e r ro r  is  not sufficient to account fo r the observed
e r ro r  hence o ther sources of e r ro r  -  chem istry  and sam pling -  m ust be p resen t. 
86Sr m easu rem en t. The observed e r ro r  in th is  m easurem ent is
870. 669 (Table 3). This is  not significantly  higher than for Rb . The in s tru ­
m ental variance  is  probably le s s , as the m easured  ra tio s  can be norm alized 
to the double Sr 86-84 spike. Onee again the chem istry  and sam pling m ust be 
responsib le  for p a rt of the e r ro r .  Another possib le  source  of e r ro r  could be 
variab le Sr contam ination, however, in th is study th is is  difficult to detect as 
the K algoorlie-N orsem an rocks a re  in general high in Sr.
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V ariance  of the "M easured" Sr /S r
87 86The ’’m easu red ” Sr /S r  is the d irec tly  m easured  ra tio  from
87 86an unspiked run , while the ’’calculated” Sr /S r  is  from  a spiked Sr run . The 
87 86varian ce  of the Sr /S r  both ’’m easured" and "calculated” has been found to
be fre e  of tren d  with the va ria te  over the range examined.
87 86The variance  for the "m easu red ” Sr /S r has been calculated
—6from  rep lica te  analyses as 0. 22 x 10 for 53 degrees of freedom  (Table 4A).
“6This is  a pooled variance  from  re su lts  obtained in th is work (0. 23 x 10 -  9 DF),
""6and values obtained by D r. W. Compston (0. 21 x 10 -  34 DF) and M r. C.
_6
Brooks (0. 22 x 10 -  10 DF). All the  runs used to calculate  th is  v ariance  have
been done on the MS-2 m ass  sp ec tro m ete r. It now appears that the observed 
87 86v ariance  of the Sr /S r  m easured  on the Nuclide is  significantly low er -
probably by a fac to r of 2. The instrum enta l variance in the m easurem ent of the
—687/86 ra tio  is  0.17 x 10 for the MS-2 m achine as calculated from  60 ru n s .
The calculation of instrum en ta l variance is  given in Appendix B. This in s tru -
_0
m ental variance  0.17 x 10 is  s ta tis tic a lly  ind istinct from  the observed value 
_6
0. 22 x 10 , and th e re fo re  the observed variance m ust be considered as due
to the m ass sp ec tro m etry .
A s im ila r  study of instrum enta l variance fo r 28 runs done on the
_6
Nuclide (Appendix B) gives a variance of 0. 09 x 10 . Dr. P . A. A rriens
_6
estim ates  a v ariance  of 0. 04 x 10 on 20 rep lica te  analyses of the E im er and 
Amend standard  SrCO . This is  well within the instrum ental variance. Such
O
high p rec isio n  would not apply to the w rite rs  28 runs on th is m achine as th is  is
e a r lie r  work, and since then additional im provem ents to th is in strum ent have
been effected. As the bulk of the m easurem ents in th is  work have been done on
_6
the MS-2 m achine the observed variance  of 0. 22 x 10 for the "m easured"
87 86Sr /S r is  used  in subsequent calculations.
TABLE 4.CALCULATION OF VARIANCE FOR SR87/SR86 AND RR87/SR86 
FROM REPLICATE ANALYSES.
A) VARIANCE FOR THE MEASURED SR87/SR86.
s a m p l e DUP(1 ) DUP(2) VAR*10E-i
V1 3 0 KF .7768 . 7770 .0200
V2 7 7(12) TR .7320 .7322 .0200
V23 2 TR .7911 .7916 .1250
V411 TR .7348 • 7348 .0000
V295 TR .7520 . 7530 .5000
V336+V337 TR .6991 .7002 .6050
V229+V300 TR .6993 .6996 .0450
V297+V298 TR .7004 .7015 .6050
V296+V290 TR .7013 .7007 .1800
TOTAL 2.1000
VARIANCES.23*10E-06 FOR 9 DF. POOLING THIS WITH 0.21*10E-6 
(34DF) OBTAINED BY W.COMPSTON AND 0 • 22*10E-6(1QDF)-C.BROOKS 
POOLED VARIANCE = 0.22*l0E-06 FOR 53 DF.
B) VARIANCE FOR THE CALCULATED SR87/SR86
SAMPLE DUP(1 ) DUP(2) VAR* lOE-O'
V1 3 0 TR .7213 .7175 7.2200
V1 3 0 KF .7816 .7780 6.4800
V1 54 TR .7526 .7544 1.6200
GA939 TR .7241 . 7250 .4050
GA 1077 TR 2.4007 2.4018 .6050
G33 TR .8682 .8681 .0050
GA5Q7(6) TR .8359 .8363 .0800
GA9A1 TR .8384 .8350
TOTAL
5.7800
22.1950
VARIANCF=2.77*10E-06 FOR 8 DF• POOLING THIS WITH 1.14*10E-6
(16 DF) OBTAINED BY C.BROOKS
POOLED VARIANCE = 1.68*l0F-06 FOR 24 DF.
C) VARIANCE AND PROPORTIONALITY CONSTANT FOR RB87/SR86
( CONX = VAR/(RB87/SR86 )**2)
SAMPLE DUP(1 ) DUP(2) VAR*10E-6 CONX*10E-6
V1 3 0 TR .691 .693 2.00 4.176VI 54 TR 1.382 1.392 50.00 25.990
V1 3 0 KF 2.462 2.448 98.00 16.260
GA 107 5 KF 2.662 2.691 420.50 58.699
V219(4) TR 3.192 3. 180 72.00 7.09^
V219(3 ) TR 3.971 4. 026 1512.50 94.60?
GA1076 KF 10.445 10.584 9660.50 87.38?
V32 2 TR 46.972 47.391 87780.50 39.432
GA1077 KF 47.883 48.231 60552.00 26.218
V1 42 BT 64.872 64.622 31250.00 7.454
TOTAL 367.310
CON X = 36.73*1OE-6. POOLING THIS WITH 20.83*10E- 6 BY C.BROOKS
POOLED CONX = 25.51*10E-06 FOR 34 DF.
2 1 .
Variance  of the "C alculated" S r87/ S r ^
The observed variance in th is ra tio  has been calculated as 
— ß
2. 77 x 10 for 8 DF. (Table 4B). This is  s ta tis tica lly  indistinct a t the 5%
”6level from  1.14 x 10 for 16 DF obtained by M r. C. Brooks. These two
_6
re su lts  pooled give 1. 68 x 10 . Though these re su lts  a re  s ta tis tica lly  indistinct
they a re  not in  such good agreem ent as the values obtained by 3 w orkers  fo r the 
87 86
"m easu red” Sr /S r .
Fortunately an a lte rnative  method of estim ating the v ariance  of 
87 86the "calculated" Sr /S r is  available. This is done by com paring the
"m easured" and "calculated" ra tio s  for the sam e sam ples. This gives a
87 86pooled variance, and the variance  fo r the "calculated" Sr /S r  is  pooled
_6
variance minus 0. 22 x 10 , the variance of the "m easured" ra tio . This
calculation is  valid provided th e re  is  no system atic  b ias. Unfortunately exper­
ience has shown that the "calculated" ra tio  is  about . 2% higher than the d irec tly  
m easured  value. This b ias can be co rrec ted  for. I t  is  elim inated when the sum 
of the pooled variances is  a m inim um , or m ore sim ply when the average  of the 
% differences between the "calculated" and "m easured" is zero. This calculation 
is shown in Table 5. The b ias has been found to be 0.19%, and all the "calculated"
ra tio s  have been reduced by th is amount. * The variance obtained by th is  method
”6 _6 
is  1. 73 x 10 for 73 DF, and th is  value is  to be p re fe rre d  to the 1. 68 x 10
calculated from  rep lica te  data for only 23 DF. A com puter p rogram m e used for
the calculation of Table 5 is  given in Appendix C.
* The origin of the bias is , at le a s t in p a rt, a system atic  e r ro r  in the value 
taken for S r88/S r 8^ in the double-spike. I t is  d iscussed  in detail by 
Compston (1966).
FABLE 5 CALCULATION OF VARIANCE FOR o P R £ u  SR8 7 / 0 R86  
RATI O FROM TnE Pu l LLD VARIANCE OF SPIKED AND 
U N o P I K t u  S R 8 7 / S R 8 6  MEASUREMENT,
SAMPLE S R 8 7 / 5 R 8 6 PERCENT - D I F F VARIANCE
SPK US UNCORR CORR *  1 0 E - 0 6
GAi  i  78 PLAGIOCLASE . 7 0 3 7 . 7031 . 0 6 9 . 1 7 9 . 7927
V3G A PLAGIOCLASE • 7 u 6 1 • 7u34 . 3 6 3 . 1 9 3 . 9 226
V 3 0 4 ( 2 ) PHLOGOPITE . 8 3 9 1 . 8 3 7 7 . 1 6 3 - . 0 2 7 . 0 2 6 9
V 13 0 TOTAL ROCK A . 7 2 1 3 . 72A j - . 4 4 1 - . 6 3 0 1 0 . 4 4 4 3
V13 OB K AMPHIBOLE . 7192 . 7 1 8 2 . 1 3 9 - . 0 3 1 . 0 6 7 1
V i  30 ORTHOCLASE A . 7 0 1 6 . 7 Zoo • 6 1 7 • Ax. 0 3 . 4 ^4 4
V 1 30 ORTHOCLASE b . 7 7 8 0 . 7770 . 1 2 6 -  • 0 0 1 . 1 1 4 3
V 2 3 1 TOTAL ROCK • 7 3 A 3 . 7 8 3 4 . 1 x 3 - . 0  70 . 1 4 2 1
v 2 3 2 TOT A l ROCK A . 7 9  39 . 7 9 1 6 • 5 m-3 . 3 3 2 3 . 8 6 5 6
V 2 19 ( 1 ) TOTAL ROCK D . 7 9 9 8 • öOOb - . 0 9 9 - . 2 8 9 l • 6 y 03
V2 1 9 ( 2 ) TOTAl. ROCK . 7 9 8 8 . 7979 . 1 1 2 - . 0 7 7 . 1907
V 2 1 9 { 3 ) TOTAL ROCK Ö • 8 A6 3 • 8 436 . 0 6 2 - .  107 . 4 1 22
V 2 1 9 ( 4 ) TOTAL ROCK C . 8 1 8 2 . 8 1 3 3 • 3 3 5 • 163 . 9 0 5 0
V 2 1 9 ( 5 )  TOTAL ROCK A • 8 A7u • 6 A60 . 118 - . 0 7 2 . 1 8 5 6
V291 t o t a l ROCK • 7 u3 3 . 7043 . 1 1 3 - . 0 7 6 . 1458
V292 TOT A l ROCK . 743 6 .7-410 • 2 4-2 . 0 3 2 . 0 7 4 9
V2 9 3 t o t a l ROCK . 7 1 7 6 . 7 a 7 0 . 0 0 3 - .  106 . 2 9 1 4
V294 t o t a l ROCK . 7 1 1 2 . 7097 . 2 1 1 . 0 2 0 . 0 1 1 0
V293 TOT Al ROCK B . 7 3 1 1 . 7330 -  . 2 3L - . 4 4 1 5 . 5 3 4 7
Ga 1 078 TOTAL ROCK . 7 4 0 3 .  7j>98 . 0 6  7 - . 1 2 2 . A 1Q 9
GA1 OT 8 MI CROCL I NL . 7732 . 7 7Ao . 0 7 7 —V I 12 . 3 6 0 9
GA10 T9 TOTAl ROCK . 7 2 7 3 . 7241 •  441 . 2 3 1 1 . 6 3 2 7
V4u 1 TOTAL ROCil . 7 1 3 1 . 7 1 1 3 . 5 0 3 . 3 1 5 2 . 3 1 1 7
V402 TOTAL ROCK . 7 3 1 9 . 7314 . 0 6 8 - . 1 2 1 . 3 9 6 5
V4u 3 TOTAL ROCK • 8 uO 3 . 7983 . 2 5 0 . 0 6 0 . 1 1 4 9
V4Ü4 TOTAL ROCK . 7293 . 7276 • 2 3 3 . 0 4 3 . 0 4 9 4
V40 5 TOTAL ROCK . 7 3 7 7 . 7393 - . 2 1 0 - . 4 0 0 4 . 6 1 9 6
V4u 6 TOTAL ROCK . 7 7 1 0 . 7687 • l  99 .  108 .  3486
VAO 7 T0 1 Al ROCK . 7 0 3 0 .  7088 - . 4 9 4 - . 6 8 3 1 1 . 7 1 0 3
V4u9 TOT Al ROCK •  7 b3 7 .  7390 . 6  19 . 4 2 8 3 . 2 7 7 9
V I 16 TOT AL ROC k •  Ü 1» 0  * .  8600 — •  1 L  7 - . 3 1 7 3 . 7  3  1 0
V A 1 6 TOT AL ROCK .  7367 .  7341 •  3 34 .  163 . 7 2 0 3
V A i  1 TOTAL ROCK A . 7 8 3 3 . 7348 - . 2 0 4 - . 3 9 3 4 . 1 8 5 3
VA1 3 TOTAL ROCK . 7  682 . 7636 . 3 7 6 . 384 4 . 3 2 3 0
V285 TOTAL ROCK . 7794 . 7610 - . 2 0 4 - . 3 9 4 4 . 7 4 5 8
V2 8 A TOTAL ROCK . 7896 . 7885 . 1 3 9 - . 0 5 0 . 0 8 0 0
VAI  A TOTAL ROCK . 7 9 2 1 . 7923 - . 0 5 0 - . 2 4 0 1 . 8 1 4 4
VAI  0 TOTAL ROCK . 8 1 6 6 . 8 1 4 9 . 2 0 8 . 0 1 8 . 0 1 1 0
VAI  3 TOTAL ROCK . 8 2 6 9 . 8 2 5 0 . 2 3 0 . 0 3 9 • 0 5 4 0
V283 TOTAL ROCK . 8 8 3 3 .  8 8 o 2 - . 1 9 2 - . 3 8 1 5 . 7 0 7 6
TABLE 5 (CONTINUED)
SAMPLE SR87/SR86 PERCENT -DIFF v a r i a n c e
SPK US UNCORR CORR *10E-06
V A1 2 TOTAL ROCK • 9A21 • 9 A11 .106 -.08 3 .3120
V 1A 2 PLAGIOCLASE • 7 ÜA8 . 70A3 .070 -.119 . 3520
V233 total ROCK .7055 . 703A .298 . 107 . 2884
V2U7 TOTAL ROCK • 7 1 A3 .7106 .520 .329 2.7 A A A
V220(2)TOTAL ROCK .8399 .8360 • A 6 6 .275 2.6 5 A6
V220(3)TOTAL ROCK . 79A2 . 7928 .176 -.013 .0059
V220(A )TOTAL ROCK .7858 . 7825 • A2 1 .230 1.6325
V 129( i ) TOTAL ROCK ID • 7 A 9 0 . ('ROA -.186 -.376 3.98A9
V12 9(2)TOTAL ROCK ID . 7672 . 7653 • 2 A8 .057 .0978
V1 8 6 TOTAL ROCK ID .8520 .8529 -.105 -.295 3.1721
V18 8 TOTAL ROCK ID .8567 .8557 .116 -.073 . 1970
VI85 TOTAL ROCK ID .9291 • 9 2 5 A .399 .209 1.8715
V 2 7 7( 1)TOTAL ROCK ID . 7 8 1A . 7803 . 1A0 - . 0 A9 .0739
V 2 7 7(2)TOTAL ROCK ID . 7806 . 7801 • 0 6 A -.126 . A832
GA597(5)TOTAL ROCK • 7 86 A . 78A5 • 2 A2 .051 .0823
GA597(6)TOTAL ROCK A .8359 . 8 3AA .179 -.010 .0038
GA597(8)TOTAL. ROCK .8296 .8297 -.012 -.202 1.A0A8
V I  7A( 1)TOTAL ROCK ID . 7 5A6 . 75l 8 .239 • 0 A8 .0670
V 1 7 A (2)TOTAL ROCK ID • 7 AA1 . 7 A 1 3 .377 .186 .9607
V 1 7 A (A ) TOTAL ROCK ID .7128 . 7096 • A30 .260 1.7032
V 1 A 7( 1 ) TOTAL ROCK ID . 7308 . 72 73 • A8 1 .290 2.2291
V1A8(2)TOTAL ROCK ID • 7 AO 9 • 7 A1 1 -.026 -.216 1.2923
V268(1)TOTAL ROCK .8801 .8773 .319 .128 .6359
V 2 8 7 TOTAL ROCK . 7 1A9 . 71A3 .055 -. 13A . A591
V2 8 8 TOTAL ROCK .7 160 . 71A2 .252 .061 .0966
V289 TOTAL ROCK .7292 . 728 1 .151 -.039 • 0A07
V 286 total. ROCK • 7 A 7 A . 7 A 7 1 • 0 AO -. 1A9 .6272
V 1 7 5 TOTAL ROCK .8855 . 88A2 . 1 A7 - • 0 A3 .0731
V 3 3 8 TOTAL ROCK .7117 . 7076 .579 . 388 3.7751
V 3 3 9 TOTAL ROCK .7105 . 7071 . A80 .289 2.1013
V3A0 TOTAL ROCK .763L . 7331 .013 -.176 .8858
V A1 1 TOTAL ROCK B • 7A06 . 7 3 A 8 .816 • 62 A 10•3A5A
V3 A 1 TOTAL ROCK .7837 .7793 .821 .629 12.0401
TOTALS 13.928 .031 1A2.0762
AVERAGES .190 0.000 1.9A62
BIAS ON SR87/SR86 RATIO CALC .OVER MEAS. = ,* 19 PERCENT
POOLED VARIANCE FOR 73 D.F. =1.95*10E-06
VARIANCE SR87/SR861CALC.) FOR 73 D.F. =1.73*10E-06
22 .
ft 7 ftfi
V ariance of Rb /S r  ra tio
87 86
In keeping with the variance of Rb and Sr , the variance of the
It has been shown by M cIntyre et a l.87 86ra tio  in c rease s  with increasing  Rb /S r  ,
87 86 2(1966) that th is variance in c rease s  as (Rb /S r  ) and the re la tion  is:
TT . 87 /0 86v 87 . 86. 2V ariance (Rb /S r  = CONX (Rb /S r  ).
“6w here CONX is  a constant. The estim ated  value for CONX is  25. 51 x 10 ,
—6for 34 DF. Once again it is  a pooled value of 36. 73 x 10 (10 DF) obtained
—6by the w rite r , and 20. 83 x 10 (24 DF) obtained by M r. C. B rooks, these
values being indistinct at the 5% level. The calculation of CONX is shown in 
Table 4C, and also  in Appendix D for all the 34 rep lica te  analyses.
L inear R egression
Rb-Sr analytical re su lts  a re  usually p resen ted  on an isochron 
87 86 87 86plot, with Sr /S r  vs. Rb /S r  . A line can be fitted to th ese  points by the
method of le a s t squares. In the c lass ica l model it  is  assum ed that variance of 
87 86 87 86Y (Sr /S r  ) is  constant, and X (Rb /S r  ) is  free  of e r ro r .  The p rincip le  of 
th is  method is  that the "b es t” fit is  obtained when the sum of the squares of the 
d ifferences between the observed and calculated values of Y is  as sm all as 
possib le. The expression to be m inim ized is  :
£  (Y. -  A -  BX.) 2 = minimuml i r
A m ore detailed account of th is  method is  available in m ost s ta tis tic s  tex t­
books (e. g. Acton, 1959). Also a com puter p rogram m e is  available in 
Appendix C.
This sim ple trea tm en t though extensively used is  not valid as X 
is subject to e r ro r ,  and the variance in X, as shown above, is  non-uniform . 
M oreover th is  sim ple reg re ss io n  attaches too much im portance to points with 
high X and Y values which a re  le a s t accura te ly  determ ined. T herefore, an
23 .
app rop ria te  s ta tis tica l model m ust take into account the known variance  in Y,
87 86which has e ither of 2 values depending on whether Sr /S r is  d irec tly  m easured  
o r calculated , and allow for the non-uniform  variance in X. Such a model has 
recen tly  been developed by M r. G. A. M cIntyre of C. S .I. R. O. , C anberra.
The norm al equations for th is model are:
2  W. (Y -  A - BX.) = 0 ----------------(1)
2  W. (Y. -  A -  BX.) X. + B 2  VAR X. W.2 ( Y - A -  BX.) 2 = 0 --------- (2)
2
w here W. is  the weighting facto r 1 /  (VAR Y + B VAR X.); VAR Y. is  the
variance  in Y, in th is case  either 0. 22 x 10~® or 1. 73 x 10”®; VAR X. is  the
2 1
variance  in X which has been shown to be CONX . (X) ; A and B a re  the p a ra ­
m e te rs  of the line to be determ ined. Substituting for A from  (1) in (2) the 
resu lting  equation is a cubic in B. This can be solved for B ite ra tiv e ly  s tarting  
with an approxim ate estim ate  of B.
A d raft of the publication on th is s ta tis tic a l model by G. A. M cIntyre, 
C. B rooks, W. Compston, and A. Turek is  given in Appendix D. T herefo re  
the d iscussion  h ere  is  kept to a minimum. M r. M cIntyre has a lso  w ritten  a 
p rogram m e in F o rtran  IV for use on the CDC 3600 com puter. A lis tin g  of this 
p rogram m e with m inor a lte ra tions by the w rite r is  given in Appendix C. In
the f ir s t  stage of the calculation the p rogram m e fits the "best"  line and calcu-
87 86la tes  the confidence lim its  for the age and in itia l Sr /S r  ra tio . If all variance 
is  within experim ental e r ro r  the MSWD (mean square  of weighted deviates), 
which is  a residual variance, is  < 1 and the calculation stops. When the 
MSWD > 1 a sm all "geological effect” which exceeds the known experim ental 
e r ro r s  is  p re sen t. In th is case  the calculation is  repeated  up to 3 tim es for 
d ifferent ways of d istribu ting  the geological effect, and the m ost appropria te  
re su lt is  recom m ended. The 4 stages of the calculation a re  as follows:
24 .
Stage 1 MSWD < 1. All e rro r within experimental limits. Calculation 
stops.
Stage 2 MSWD > 1. Variance in Y is distributed proportionally to X.
This model is considered applicable when open system behaviour
87of samples or redistribution of *Sr is suspected.
Stage 3 MSWD > 1. Variance in Y is distributed independently of X.
This model is thought to be applicable for samples with different 
initial ratios e. g. shales with inherent radiogenic strontium.
Stage 4 MSWD > 1. This is a combination of Stage 2 and 3 calculation 
and is only entered into if Stage 2 and 3 answers fail to give a 
suitable distribution of variance. The principle of distributing this 
geological variance in this model is to make the | Diff /  SE | free 
of trend with respect to X.
This regression programme can also be used to test if all the 
samples belong to the same population. The inspection of the | Diff /  SE | for 
the individual points may show that one particular point has the greatest 
I Diff /  SE I ratio, in which case the regression is redone excluding that 
point. If the new MSWD is significantly lower (at the 5% level) then on 
statistical grounds this sample should be excluded from the regression.
The erro r param eters in Y and X, established above and being used 
in this laboratory, are 0. 22, 1. 73 and 25. 51, x 10 . These are the best
estimates at the moment, with CONX based on 34 DF being probably the poorest. 
It is therefore suggested that even though the MSWD > 1, it should be tested as 
a variance ratio för (N - 2) and 34 DF, (N - 2) being the degrees of freedom of 
the isochron. If MSWD is not significantly different from "F" at the 5% level, 
then stage 1 calculation - all e rro r experimental - should be accepted.
The variance in Y has been calculated from the available replicate
87 86analyses which do not include samples with high Sr /S r . It is suspected
25 .
tha t for such sam ples the variance in Y is  no longer uniform  but may be p ro -
2 87 86 86portional to Y . Samples with high Sr /S r  usually have a low Sr content
and a re  th e re fo re  prone to contam ination. This contam ination has the effect
of d isplacing a point on the isochron d iagram  along a line joining that point 
87 86and the Sr /S r  value of the contam inating Sr. Thus both X and Y a re  
affected by Sr contam ination, th is fo rces a covariance onto Y. The p resen t 
reg re ss io n  does not cope with th is , and low level sam ples prone to Sr contam in­
ation cannot be co rrec tly  a sse ssed  by the above model.
An independent method of estim ating CONX is  available, but it is  
based on an assum ption that cannot be fully justified . This involves assum ing 
that all e r ro r s  in a p a rticu la r isochron a re  experim ental in which case MSWD < 1. 
In the case  of the isochron for the In ternal g ran ites (see Chapter IV) based on
—  fi
17 points, for MSWD = 1, CONX would have to be 30.31 x 10 . L ittle
im portance can be attached to th is estim ate , as it is  based on a subjective
“6opinion. N evertheless, I feel that i t  does indicate tha t 2 5 .5 1 x 1 0  is  of the 
righ t o rd e r.
Testing and Pooling of Iso ch ro n s.
The uncerta in ties attached to isochron ages and in te rcep ts  in th is 
thesis  a re  the 95% confidence lim its . Although the confidence lim its  of two 
isochrons may overlap it is  s till possib le  for th e ir ages to be s ta tis tica lly  d istinct. 
A te s t of th is can be made by a sm all calculation as p e r example:
Isochron G radient SE DF
1 B1
s e b i
N - 2
2 B2 SEB2 n 2 - 2
* (calc)
B1 -  B2 I 
<SEm> 2 + <SEB2> 2
1
2
26 .
t is approximately a ’’Students - t” distribution with K degrees of freedom,
^CcllCj
given by the relation:
SEB12 + SEB22
N 1 -  2 N2 -  2
This calculation is identical for testing significant differences between intercepts.
The pooling and averaging of isochrons may be done by regressing 
the sample populations together, but this is not valid if the gradients and inter­
cepts of the isochrons are not equal or at least statistically indistinct. The 
most frequent situation arises when it is desired to pool similar ages as given 
by isochrons with different initial ratios (i. e. parallel lines) and therefore 
cannot be regressed as one lot. The calculation used is as per example:
Gradient SE Weighting factor Weighted B
B1
se b i
w i = 1/(SEB1)2 Wl . B1
B2 SEB2 W2 = 1/(SEb2)2 W2 . B2
B3 SEB3 W3 = 1/(SEb3)2 W3 . B3
T1 T2
Mean B 
SE Mean B
T /T  2X 1
1
2
The approximate degrees of freedom K, of the pooled mean (B), are given 
according to Satterthwaite (1946) by the relation:
B2 B ^ ^ / T ^ )  B22 (W2 / T 1) B32 (W3 / T 1 )
-----  -  ---------------------- + -----------------------  + ------------------------
K N - 2 N - 2 N - 2
1 £ o
27 .
The general equation is
(B S  W.)2 
K = (B. W.)z
s 1
N. -  2 
1
The calculation is identical for averaging in te rcep ts  from  different isochrons.
These calculations a re  b est done on a com puter, and the p ro ­
gram m es a re  given in Appendix C.
CHAPTER III
GEOLOGY OF THE KALGOORLIE-NORSEMAN AREA
Introduction
Precambrian rocks in Western Australia occupy about 500, 000 
sq. m iles, which is about half the area of the State. Prider (1965) subdivides 
the shield in Western Australia into 7 blocks:
Yilgarn, Albany-Esperance, Leeuwin-Greenough, Pilbara,
Kimberley, Musgrave, and the Median Belt.
The basis of this subdivision (Prider, 1954) is one of structural and general 
geological features. This has received additional support from isotopic ages 
of Wilson et al. , (1960).
The Yilgarn block is approximately 300, 000 sq. miles and with 
the Pilbara Block has long been considered as the oldest part of the shield.
The Yilgarn block is made up of granitic rocks embaying lenticular belts of 
greenstones and metasediments, which are elongated in a NNW direction. The 
Kalgoorlie-Norseman area (Figure 1) is in the southeastern part of the Yilgarn 
block.
The discoveries of gold at the end of last century led to many 
geological investigations, but most of this work was of a detailed nature confined 
to very small areas that were of interest to mining companies. The mapping of 
Honman (1914), McLaren and Thompson (1913), Gustafson and Miller (1937) is 
definitive for the Kalgoorlie d istrict and the immediate surroundings, but these 
studies were subsequently used for correlation throughout the goldfields, and 
such extrapolation was not justified in the absence of a regional working fram e­
work. It was not until recently that systematic mapping on a regional scale was 
undertaken. The Geological Survey of Western Australia has released the 
Boorabbin and Widgiemooltha sheets covering the area between Kalgoorlie and
□ ■I
+ + + + '  - » » » » V  ^ +  + + + + S ^ - i  + + + + +
• + + + + v + + + + + +■'+ + + + + +
+ + + + t x o c - : - : '  + + + + + + + + + + + +
1V-I-
+ + +
+ + v ^ - r \ + , x »  .
+ + \> J +  < - » » : - > . +  +V:N
+ + + + * + + + + /  
-*f5\+ + + + + + + + /_tv
t>> \
“V
- \
KEY TO GRANITES
INTERNAL GRANITES EXTERNAL GRANITES
:* a  : v i  v a
+
<£>>>>* i '988888888S8838888  ^  ^N “E-
4 /:=i \+ + + + +
• + + + /-> S k  + L
+ + + + +c-
■ + + + I » » r - M -  V
[E = E > = E > = E = E = E > = E > ^ E > -E = ? v  +  \ .
(1) BULLABULLING
(2) MUNGARI
(3) KARRAMINDI
(4) SMITHFIELD
(5) BINNERINGIE
—WESTERN
(6) WOOLGANGIE
(7) GNARLBINE
—NORSEMAN
(8) DUNDAS
(9) BOULDANIA ROCKS
(10) STENNIT ROCKS
— EASTERN 
(N) CO WAN
(12) KARON IE
(13) ERAYINIA HILL
MAIN PRECAMBRIAN PROVINCES OF WESTERN 
AUSTRALIA, AFTER PRIDER (1965). + + + +
KALGOORLIE -  NORSEMAN AREA
GEOLOGICAL SKETCH MAP, BASED O N  WILSON (1958) 
AND HORWITZ & SOFOULIS (1965).
I WOODLINE BEDS 
I /  1 BASIC DYKES 
GRANITE
1=^=1 GREENSTONES 
1— 1 & METASEDIMENTS
I* * | GRANITE
r r m  HYPERSTHENE 
L I U  GRANULITE
& GRANULITE GNEISS
Figure I
29 .
Norseman (Sofoulis 1964, 1966). At Kalgoorlie itself mapping has been com­
pleted and the map is in preparation (Kriewaldt, 1967). In addition Western 
Mining Corporation has been mapping systematically on a detailed scale in 
Kalgoorlie and Norseman.
The following description of geology is based on : Horwitz and 
Sofoulis (1965), Woodall (1965), Hall and Bekker (1965). Little reference is 
made to previous work as the above publications cover that. The Geological 
Survey of Western Australia (GSWA 1964) have adopted the Canadian term s 
Archaean and Proterozoic for the Precambrian of Western Australia following 
Leech et al. (1963). The boundary between these divisions is taken as 2440 m. y. 
this is based on K-Ar ages and should be increased by about 5% to compensate 
for the disparity between K-Ar and Rb-Sr ages, the latter calculated using 
A = 1.39 x 10 ^  yr \  To conform with established practice the writer 
follows the above divisions, though they have no bearing on the results being 
presented here.
Regional Geology
The interpretation of the Archaean succession in the area by 
Horwitz and Sofoulis (1965) is of basic and acid igneous activity together with 
sedimentation, subsidence, and folding. Previous workers have consistently 
subdivided the rocks into greenstones - predominantly basic lavas, and white- 
stones - sediments, which were considered younger than the greenstones. 
Moreover the greenstones have been subdivided into the ’’Older Greenstones", 
which are volcanics, mostly pillow lavas, and the "Younger Greenstones" 
which are (intrusive) basic dykes and sills (McLaren and Thompson, 1913). 
Regional mapping by Sofoulis (1964 and 1966) has shown that basic volcanic 
rocks interfinger and laterally pass into sediments, and that these basic 
volcanics occur at different stratigraphic levels. A subdivision into two units,
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a lower and upper sequence, has been effected and an unconformity between 
the two units has been postulated (Horwitz and Sofoulis, 1965). The stratigraphic 
succession is given in Table 6.
The lithologies of the two sequences are similar and it is difficult 
to distinguish between them. The lower sequence is composed of : basic 
volcanics, cherts, carbonate rocks, carbonaceous silts, and tuffaceous 
sediments. These are intruded by basic sills ("Younger Greenstones”) and 
acid porphyries. The stratigraphical order of these units varies from place 
to place. However, stratigraphically near the top are acid volcanic rocks, and 
this forms the basis for distinction between the two sequences.
The upper sequence, although composed of basic volcanics and 
sediments similar to the lower sequence also contains interbedded iron form­
ations, and local conglomerates near the base containing elements of the lower 
sequence. This upper sequence has been intruded by basic sills and acid plugs 
but acid flows are absent. Both the upper and lower sequences have been folded 
and intruded by granites and pegmatites which have suffered a degree of post 
crystallization folding. Two types of pegmatites are recognized. These are 
the lithia pegmatites and the tin, columbite, tantalite pegmatites, and both are 
economically important.
Structurally the area is complex, two predominant directions of 
fold trends are NNW and NE, this has resulted in a pattern of dome and basin 
structures. Principal directions of faulting are along strike and N-S, these are 
the strike and oblique faults respectively. The grade of regional metamorphism 
is low - upper greenschist to lower amphibolite facies.
Recent aero-magnetic survey by the Bureau of Mineral Resources 
(Dockery and Finney, 1964) has noted a prominent NW - SE negatively polarized 
anomaly, just north of Kalgoorlie. This is attributed to a post-folding porphyry 
dyke and is tentatively assigned an Archaean age as discussed in Chapter IV.
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TABLE 6. Precambrian stratigraphic succession in the Kalgoorlie - 
Norseman area (based on Horwitz and Sofoulis, 1965).
Granulite gneiss and hypersthene granulite of the Frazer Ranges
Woodline Beds. Mudstones, quartzite, with a basal conglomerate uncon- 
formable on Upper Sequence and Granite.
East - West Dykes
Post-folding porphyry
Granite (including pegmatites and aplites)
Basic dykes and sills ("Younger Greenstones")
Upper Sequence. Not in stratigraphical order: basic volcanics, sediments 
mainly clastic, greywackes, iron formation, shales, tuffaceous 
breccias, and boulder conglomerates (including the Kurrawang 
Conglomerate)
------------------------------------ unconform ity---------------------------------
Lower Sequence. Strati graphically near top acid flows. Not in stratigraph­
ical order: basic volcanics, cherts, carbonate rocks, carbonaceous 
silts , tuffaceous sediments.
base not seen
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The Archaean rocks are cut by a series of basic dykes here 
called East-West Dykes, they have a predominantly 80° strike, and have been 
dated as Proterozoic (Chapter IV). One other occurrence of Proterozoic rocks 
is known - the Woodline Beds (Sofoulis and Bock, 1961). This is an outlier 
of mudstones and quartzites with a basal conglomerate, about 60 miles to the 
east of Widgiemooltha.
A Tertiary Miocene transgression is represented by local 
outliers of spongelites particularly at Norseman. Also at Coolgardie there 
is a small occurrence of Eocene lacustrine deposits.
To the east of Norseman in the Frazer Ranges is an extensive 
development of granulites, these are considered Proterozoic in age. The 
structural trend here is NE.
The stratigraphic succession as given in Table 6 is based on 
Horwitz and Sofoulis (1965). The main modifications to the original are: the 
addition of the post-folding porphyry, which is a recent discovery, as mentioned 
above, and the deletion of a Lower Proterozoic granite as this has been dated 
as Archaean.
Kalgoorlie Geology
The stratigraphic succession at Kalgoorlie is given in Table 7, 
after Woodall (1965). This succession corresponds to the Lower Sequence of 
Horwitz and Sofoulis (ibid). The Black Flag Beds contain the acid flows which 
are diagnostic of the Lower Sequence. This rock succession is intruded by 
acid porphyries. The Upper Sequence is absent in Kalgoorlie.
The regional structural trend is NW in the form of a series of 
isoclinal folds which has been dislocated by a system of strike faults and 
oblique faults, striking approximately northwest and north respectively. Gold 
mineralization occurs in a belt 6 miles by 1 mile wide trending NW. The ’’Golden 
Mile” is the southern 3 mile section of this belt and is the productive area.
TABLE 7. Stratigraphic succession at Kalgoorlie (after Woodall, 1965).
Rock unit Thickness (ft) 
(approx)
Lithology
Black Flag Beds 10,000 Tuff, acid to intermediate lavas, and 
agglomerate, sandstone, shale, 
slate, and quartzite.
Golden Mile Dolerite 1,000 -  
2,500
Sill of meta-quartz dolerite and m eta- 
quartz gabbro with minor more 
basic sections.
Paringa Basalt 1,000 -  
3,000
Meta-basal tic lavas, in part pillow  
lavas, with minor interbedded 
slates.
Williamstown Dolerite 500 -  
1,000
Sill of m eta-dolerite and meta-gabbro 
transitional to meta-quartz dolerite 
near top and hornblendite near base.
Kapai Slate 10 Graphitic slate.
Devon Consols Basalt 200 -  
500
M eta-basaltic lavas, typically pillow  
lavas.
Hannan’s Lake Serpentinite 1,000 -  
3,000
M assive, fine-grained serpentinite.
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The s tru c tu re  of the "Golden M ile" is  that of a southerly  pitching syncline.
This is  the K algoorlie Syncline commonly called the "Boulder Dyke" which is  
a very  tight infold of Black Flag Beds, intruded by porphyry. It divides the 
field  into the W estern and E astern  Lode System. Gold m ineralization  is  localized 
in the Golden M ile D olerite on the lim bs of the two adjoining anticlines of the 
K algoorlie syncline, the Boulder and K algoorlie an ticlines. Im portant m in e ra l­
ization has a lso  been found in the Paringa  B asalt and in one instance in the 
porphyry of the "B oulder Dyke", but the Golden M ile D olerite is  the predom inant 
host rock. The lodes in both the E astern  and W estern p a rts  of the field have 
been reso lved  into 4 groups by Finucane (1965). These are :
1. Main Lode S eries -  s tr ik e  315°-350° dip steep e ither east or west.
2. The No. 2 Lode Series -  s tr ik e  300°-305°, dip 70° -75° west.
3. C aunter Lodes (tension cracks) - s tr ik e  280°, dip 55°-70° south.
4. C ross Lodes -  s tr ik e  50°, dip steep north  or south.
The gold m ineralization  is attributed  to hydrotherm al solutions 
which have penetrated  along sh ea rs , frac tu re s  and faults rep lacing  and im preg ­
nating the host rocks with quartz , p y rite , gold, and gold te llu rid es  and m inor 
amounts of arsenopyrite , te tre h ed rite , stibnite, sphale rite  and galena. The 
minimum tem p eratu re  range of form ation of the deposit has been given as 
149-500°C by Stillwell (1953), though the te llu rid es  appear to have form ed 
over a very  narrow  range 149 -  184°C (Baker, 1958, Stillwell, 1953).
The K algoorlie m ines in the 70 years  from  1893-1962 have 
produced over 33 m illion oz. gold at an average grade of 0.43 oz/ton (Woodall, 
1965), and about 98% of th is has been from  te llu rid e  o re . F ree-go ld  o re  bodies 
a re  known e. g. Golden P ike and Mt. C harlotte, but a re  usually of low grade.
It has been custom ary in the p ast to subdivide the m ineralization  into the 
te llu ride  and free  gold types, (Woodall ibid) and speculation on th e ir  re la tiv e
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ages were made. More recently systematic sampling and analyses of lodes 
by Western Mining Corporation (R. Woodall, personal communication) shows 
that this simple subdivision is not valid and that the two types are gradational.
The gold-telluride and gold-quartz mineralization occur only in chloritized host 
rocks which are usually bleached adjacent to the lode or vein.
By contrast the mineralization at Coolgardie is free of tellurides. 
Gold occurs in quartz reefs which parallel the strike of the basic lavas (pre­
dominantly NW) and in quartz reefs localized along shears trending N 20° E.
The rocks here belong to the Upper Sequence of Horwitz and Sofoulis (ibid.).
Norseman Geology
Norseman lies in similar greenstones about 90 miles south of 
Kalgoorlie, and is an important producer of high grade gold ore. Structurally 
the geology is less complicated than Kalgoorlie and the rocks lie in  a homocline 
striking 12° and dipping 55° west. The succession of basic volcanics and 
associated sedimentary rocks is characterized by the presence of basic pillow 
lavas. Concordant microcline albite porphyries are most probably of strati­
graphic origin. This succession is equated with the Lower and Upper Sequences 
of Horwitz and Sofoulis (ibid) but no unconformity between the two sequences is 
apparent. The grade of regional metamorphism is upper greenschist to lower 
amphibolite facies. Subsequent to folding, the above rocks have been cut by 
swarms of acid porphyry dykes which trend approximately 20° and dip 65° west. 
Archaean granite flanks this greenstone belt to the east, west and south.
The Norseman or Jimberlana Dyke strikes 80° and dips steeply 
south. It is one of the E-W Dykes, a composite norite-hypersthenite about 1 mile 
wide and has been traced 25 miles to the east of Norseman and 90 miles to the 
West. This is the youngest igneous rock in the area and post-dates the mineral­
ization here.
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Gold occurs in o re  shoots in quartz  ree fs , which a re  localized, 
but a re  not coextensive with, no rth e rly  strik ing  re v e rse  faults which dip about 
45° to the east. In addition th e re  a re  m inor au riferous ree fs  strik ing  E-W and 
dipping steeply to the south. The gold occurs alm ost en tire ly  in the free  s ta te , 
but te llu rid es  have been repo rted  (Stillwell, 1953). P y rite  and galena a re  
fa irly  common gangue m in era ls . The m etasom atism  so extensive in K algoorlie 
is  absent here . The only wall rock  a lteration  is m inor carbonitization and 
pyritization  accompanying the em placem ent of quartz  ree fs . In addition to 
gold, econom ically im portan t is  the m assive  p y rite  m ineralization  of the Iron 
King Mine which is  an operating p y rite  p roducer. P a r ts  of th is orebody have 
c a rrie d  recoverab le  amounts of gold.
The s tra tig rap h ic  succession  in Table 8 is  sum m arized from  the 
Hall and Bekker (1965).
TABLE 8. S tratig raph ic  succession  at N orsem an (sum m arized from  Hall and
B ekker, 1965).
Unit Thickness (ft) Lithology
W estern g ran ite  contact
A. Mt. T h irsty  Beds 25,000 +
B. Abbotshall Beds 800 to 4,500
C. W oolyeenyer Group 28,000 to 32,000
1 . D esirab le  Pillow
Lava. 20,000 +
2. Crown B asalt 600
3. N ulsen Slate 3 to 6
4. Royal Amphib-
olite 370 to 650
5. B luebird Gabbro 200 to 350
6. Gee Cee Slate i  to 6
7. M araroa  Pillow  Lava 4 , 200 :
8. V enture Slate 3 to 10
9. Kingswood B asalt 1,400
Slates, greyw ackes, quartz ites, 
b recc ia s , m e ta -ja sp ilite s , m eta- 
b asa ltic  lavas, and probably con­
form able u ltrab asics .
M eta-jasp ilites  with interbedded 
basa ltic  rocks and c lastic  m eta­
sedim ents.
M eta-basaltic  pillow lavas with 
m inor graphitic  s la te  m em bers.
M ultiple s ill of m assive, aphanitic 
to strongly ophitic m eta-basalt.
G raphitic sla te .
Complex s ill of m eta-quartz  gabbro, 
m eta -d o le rite  and rem nant 
ex trusive m eta -b asa lts .
Sill of m assive m eta-quartz  gabbro, 
with a coarse ly  porphyritic  lower 
layer.
G raphitic sla te .
Meta-^basaltic pillow lava.
G raphitic slate .
M eta-basaltic  rocks, including pillow 
lavas.
D. Noganyer Group 4,500 + A sedim entary  sequence includes m eta -
ja sp ilite s , m eta-conglom erates, 
sandstone, graphitic slate .
The Lady M ary Form ation is  a m ultiple 
s ill of metatrgabbro and m eta-do lerite .
E. Penneshaw  Beds 10,000 + M eta-basaltic  pillow lavas and other
basic  and acid m etam orphic rocks. 
E astern  g ran ite  contact
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CHAPTER IV
GEOCHRONOLOGY OF THE KALGOORUE-NORSEMAN AREA
Granites
The widely accepted Precambrian stratigraphical successions 
for Western Australia distinguish between the ’’Older Granites or Gneisses” 
and the ’’Younger Granites” , both being considered Archaean in age. (e. g.
Clark (1938), Prider (1945, 1965), Forman (1953), Wilson (1958). This 
classification has been applied in the past to the Kalgoorlie-Norseman area 
(e. g. McMath, 1953). Additional support for two ages of granite emplacement 
in the Kalgoorlie area was given by Rb-Sr mineral ages published by Wilson 
et. al. (1960). More recently Sofoulis and Bock (1961) proposed the terms 
internal granite and external granite for the Kalgoorlie-Norseman area, the 
internal being physically within the greenstone belt while the external is 
outside this belt. In several of the internal granites contact aureoles have been 
observed, but poor out-crop conditions for others and for the external granites 
obscure the contacts. Subsequently Horwitz and Sofoulis (1965) do not maintain 
this internal-external granite classification.
For the purpose of this study the terms internal and external 
are revived. Moreover the external granite is subdivided into: Western, 
Norseman, Eastern, being respectively to the west, south and east of the 
Kalgoorlie-Norseman greenstone belt.
Petrographically all the granites are similar and on plagioclase/ 
potash feldspar ratio, 95% of the samples are granites. The petrography, which 
was done by Dr. A. F. Trendall of the Geological Survey of Western Australia, 
is given in Appendix A, together with detailed sample locations. The granite 
bodies analysed together with their sample numbers, and localities as given in 
Figure 1, are as follows:
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(1) Bullabulling F 234
(2) Mungari G32B, G32D, G33
(3) K arram indi Soak GA 908 y In ternal
(4) Smithfield V142, V 198 G ranites
(5) Binneringie V233, GA 1076 -J
(6) Woolgangie V154, GA 1075 ^ W estern
(?) G narlb ine G22 G ranites
(8) Dundas V305, GA1077 >
N orsem an
(9) Bouldania Rocks GA1079
(10) Stennit Rocks GA 1078 G ranites
(11) Cowan V274, V272G, V272P, V275P
>
(12) Karonie V452(l), V452(5) E asternV
(13) Erayinia Hill V453(l), V455(l), V455(2) G ranites
All the above nam es, with the exception of Cowan gran ite  which is  the w r i te r ’s , 
a re  well established nam es.
As standard  p rac tice  in the following p a rt of th is th esis , all
87 86u n certa in ties  quoted with age and in itia l Sr /S r a re  the 95% confidence lim its . 
Points on isochron d iagram s that a re  excluded from  the le a s t squares re g re ss io n  
a re  m arked as trian g les . On isochron d iagram s w here a ll points a re  total 
ro ck s , the suffix TR following the sam ple num ber is  not given.
In ternal and external g ranites: -  to ta l rock  data only. There a re  no 
87 86differences in age o r in itia l Sr /S r  at the 95% level between these two su ites  as
dem onstrated  by the individual to ta l rock  data. F or the in ternal g ran ites, the total
+ 87 86rock  reg re ss io n  of 7 points gives an age of 2617 - 30 m . y. and iq itia l Sr /S r  
0. 7016 -  0. 0028. The fit of the isochron is  to within experim ental e r ro r . 
S im ilarly , the reg ress io n  of 14 to tal rock  analyses from  the external g ran ites
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is also to within the experimental limits, as are the individual regressions for
the Western, Norseman and Eastern granites. The indicated age of the external
+ 87 86 +granites is 2616 - 20 m. y. and the initial Sr /Sr 0. 7026 - 0. 0008. The
combined regression gives 2612 - 13 m. y. and 0. 7026 - 0. 0008, and the fit of
the isochron is to within experimental error. The analytical results are given
in Table 9, and shown on an isochron diagram Figure 2. Table 10 gives the
regression details.
The age of granite emplacement in this area is therefore 2612 t  13 m. y .,
as given by the total rock data. There can be no case for two ages of granite
emplacement here, unless of course within the time interval of the uncertainty
above. Wilson et al. (1960) report an age of 2700 m. y. for the Londonderry and
Grosmont Li-bearing pegmatites which they say are associated with granites.
Their second age of granite is based on biotite and muscovite analyses for the
Bullabulling and Mungari granites, respectively 2240 and 2410 m. y .. These
results are contradictory as any granites that can be associated with the
pegmatites most definitely must include such bodies as Bullabulling and Mungari.
This relationship has been stated by Wilson (1958). Samples of Bullabulling
and Mungari granites analysed in this study fall on the 2612 m.y. isochron, and
it is likely that the biotite and muscovite dated by Wilson et al. (1960) has leaked 
87radiogenic Sr . Also the Londonderry pegmatite has been dated here as 2635 
m. y. (see Miscellaneous Analyses). However on a State wide basis there may 
very well be two ages of granites. Arriens (1963) reports an age of 2620 m.y. 
for his xenolithic granites, and 2920 m.y. for his granitic gneisses in the 
Koolanooka Hills, 200 miles north of Perth. The older age is based on only 
3 points and must be viewed with caution, as the similarity of the Koolanooka 
Hills xenolithic granites and the granites dated here is noteworthy.
Internal granites: - total-rock plus mineral data. The isochron plot for 
total rock and mineral analyses is Figure 3. The regression of 17 points (two
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+ 87 86points being excluded) gives an age of 2624 - 10 m, y. and initial Sr /Sr 0. 7004
- 0. 0008 and the isochron fitted is to within experimental error. The mineral
data alone gives similar parameters (Table 10) statistically indistinct at the
5% level, and is also linear within experimental limits.
The two points excluded from the regression are G33TR and
V142BT. Sample G33 was supplied by Mr. I. Martin who considered it to be
a xenolith, originally a basic lava, on the basis of its trace element composition.
Petrologically it is now a tonalite and very distinct texturally and mineral-
ogically from all the other granite samples. The biotite from this rock falls
on the isochron and it is suggested that the total rock has a higher initial 
87 86Sr /Sr , 0.72, for 2624 m. y. age. The other point excluded from the
regression is V142BT. Petrologically there is nothing unusual about this rock
or its biotite, and the indicated age 2530 m. y. is interpreted as due to leakage 
87of radiogenic Sr . There can be no question of a younger age as this rock is 
cut by an aplite V198 which gives the isochron age.
External granites; - total-rock plus mineral data. The analytical 
results are given in Table 9 and shown on isochron diagrams Figures 4, 5, 6.
(a) Western granites (Figure 4) have an indicated age of 2640 - 27 m. y.
and initial Sr87/Sr86 0. 7015 - 0. 0018. The fit of the 6 points is within 
experimental error.
(b) Norseman granites (Figure 5) have an age of 2633 - 30 m. y. and initial
87 86 +Sr /Sr 0. 7021 - 0. 0019. The regression in this case is a Model 4 
result and a small geological effect which exceeds the known experimental 
error is present. This excess residual variance is contributed by the 
mineral data, as the regression of the total rock points is within experi­
mental error. Excluded from the above regression is GA1077 KF which 
has an age of 2500 m. y. and is presumed to have suffered loss of
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radiogenic Sr , although in thin section th is m icrocline is  unaltered.
However, as the to ta l-ro ck  plots on the isochron the lo st radiogenic 
87Sr from  the m icrocline m ust have been taken up by the p lagioclase;
such behaviour has recen tly  been described  by A rriens et al. (1966).
A K -A r age for a hornblende of GA 1079 gives 2560 m. y.
(c) E astern  g ran ites  (F igure 6) w ere fo rm erly  considered Lower P ro terozo ic
by Horwitz and Sofoulis (1965). The total rock  and m inera l data gives
2634 -  26 m. y. and 0. 7020 -  0. 0015. This is  a Model 4 re su lt. The
excess res id u a l variance m ust be due to the m inera l data as the
reg re ss io n  of 7 to ta l rock points is  to within experim ental lim its .
Excluded from  the above reg re ss io n  is  V274 BT which is  presum ed to
87have lo st radiogenic Sr , though petrologically  it  is  norm al.
The re g re ss io n s  fo r the W estern, N orsem an, and E astern  gran ites
(total rocks and m inera ls) give s im ila r p a ram e te rs  and a re  not d istinct a t the
5% level from  each o ther nor from  the in ternal g ran ites (total rocks and m inerals).
However investigation of the above 3 reg re ss io n s  for the external g ran ites  shows
that m ost of the re s id u a l variance  lie s  in the m inera l, and not the to ta l-ro ck  data.
+ +
The reg re ss io n  of the 16 m inera l sam ples gives 2642 -  16 m .y . and 0. 7009 -  
0. 0019, while the re g re ss io n  of the 14 to ta l-ro ck  sam ples gives 2616 - 20 m .y . 
and 0. 7026 -  0. 0008 (Table 10). These ages a re  s ta tis tica lly  d istinct a t the 5% 
level, but the in itia l ra tio s  a re  not distinct.
D iscussion of the to ta l-ro ck  versus m inera l data for the ex ternal g ran ite s . 
The m inera l data give a slightly  but significantly older age than the to ta l rocks. 
E ither to ta l-ro ck  o r m inera l data a re  co rre c t, o r both co rrec tly  re g is te r  two 
events. It is  taken h e re  that the to ta l-ro ck  isochron gives the co rre c t age of 
em placem ent. The general experience is  that to ta l-ro ck  isochrons a re  m ore 
re liab le  than m inera l data. M oreover the to ta l-ro ck  data define an isochron to 
within experim ental e r ro r ,  th is  is  not so for the reg re ss io n  of m inera l data.
40.
There are several possible mechanisms by which this anomalous situation could 
be produced:
(1) Loss of Rb from  the analysed minerals, proportionally to the ir Rb content,
would result in an older age. For the total rocks to have remained 
closed chemical systems with respect to Rb and Sr, as implied by the 
linear isochron relationship, i t  is  an essential condition that the Rb lost 
from the analysed mineral fractions must have been accepted by other 
m ineral phases which have not been measured. Such m ineral phases 
would include alteration products rejected in the process of mineral 
separation.
This is  considered the most like ly  explanation. I t  could be tested 
most simply by analyses of a mineral concentrate of several degrees of 
purity. There should be a positive correlation between higher purity and 
older age.
87(2) To produce an older isochron by gain of radiogenic Sr requires the
micas to gain much more than the high Sr content minerals (feldspars)
87which is  contrary to the expectation that radiogenic Sr would be more 
readily accepted by the feldspars rather than the already highly enriched 
micas.
(3) Gast (pers. comm.) has suggested that Rb can be adsorbed upon insoluble
residue remaining during dissolution of biotites. This effect, which 
would result in an older age, has been looked for but not found in this 
laboratory. Furthermore the minerals of the internal granites do not 
show this pattern. r a d i o g e n i c
(4) For weathering to be responsible fo r this situation the loss o f/S r would
have to be from  the alteration products, with the minerals giving the 
correct age and the total rocks a wrong - low age. I t  is  extremely
41 .
difficult to see  how 14 to ta l-ro ck  sam ples of varying R b/Sr ra tio s
radiogenic
could have lo s t/s^ in  such convenient am ounts so as to generate  an 
isochron  within experim ental e r ro r  p a rticu la rly  when the m inera l data 
fa il to do th is . M oreover, m ost of the sam ples for the external g ran ites 
have been b lasted  and a re  visibly fresh , w hereas the in ternal g ran ite  
sam ples show slight weathering.
(5) It is  possib le  that both total rocks and m inera ls  a re  co rrec tly  reg is te rin g
two events. The g ran ites  may have been em placed at o r before 2642 m. y.
as given by the m in e ra ls , and som e 20 m. y. la te r  lo ss  of radiogenic 
87Sr occu rred  from  the alteration  products. This lo ss  could have been, 
of cou rse , a continuous p ro cess  over 20 m. y. The age of m etam orphism  
is ,  as shown la te r ,  2665 -  25 m. y. and these  g ran ites  may have been 
em placed then. The difficulties here  a re  s im ila r to the w eathering case 
and the within experim ental e r ro r  fit of the to ta l-ro ck  data would have 
to be reg arded  as pure ly  accidental.
(6) F inally  i t  m ust be considered as to what extent th is  significant 1% age
difference has been brought about by the s ta tis tic a l model used here .
The p resen t trea tm en t gives a higher uncertain ty  in age than the sim ple 
re g re ss io n , so the age difference would be even m ore  significant had the 
sim ple trea tm en t been used. The standard  e r ro r  for a Model 1 re su lt 
is  based on very  reasonab le  estim ates of experim ental variances.
However, once the experim ental e r ro r s  a re  exceeded (Models 2, 3 and 4) 
standard  e r ro r s  a re  no longer as rigorous as for Model 1. T o-date the 
experience is  tha t the standard  e r ro rs  in th is la tte r  case  a re  en tire ly  
reasonab le . However, if the uncerta in ties  for Model 2, 3 and 4 re su lts  
should be higher, then the age difference may no longer be significant at 
the 5% level, but th is  will not a lte r  the observed trend .
42 .
East-West Dykes
There has been considerable uncertainty over the age of these 
dykes. Most frequently they have been referred  to as Late Proterozoic or Lower 
Cambrian e. g. Forman (1937, 1953), Clarke (1938), Prider (1945), Wilson (1958), 
and also as younger than 650 m. y. by P rider (1965).* On geological grounds it 
is not possible to infer their age; in fact I believe that in some of the early 
investigations they were considered as Tertiary in age.
The samples analysed here are V130, GA1178, and V304. V130, 
an anorthitic gabbro, is a sample of the Celebration dyke, 18 miles southwest 
of Kalgoorlie. Minerals separated from this are  impure orthoclase (20% 
plagioclase) and 2 pyroxene mixtures of what is thought to be a transitional 
pyroxene. V130 Y (yellow in colour) and V130 B (black in colour) as analysed 
were each about 80% pure. Attempts to identify this clinopyroxene by X-ray 
have failed as even hand picked grains of the two phases yield a mutual pattern. 
Sample V304 is a hypersthenite from the Norseman dyke. Albite and two concen­
trates of phlogopite, V304(l) PH (70% pure) and V304(2) PH (50% pure), were 
separated from this. In both concentrates the contaminant was hypersthene 
which has been found to be Rb-free. Sample GA1178 is sim ilar to V304 and was 
collected by Dr. Lovering.
The analytical data are  shown in Table 11 and on an isochron
Figure 7. The fit of the 7 points (excluding V130 KF) is well within experimental
limits (MSWD equal to 0.37). The indicated age is 2420 - 30 m. y. and the 
87 86 +
initial Sr /S r is 0. 7004 - 0. 0006. The exclusion of the V130 feldspar from 
the isochron is reasonable in view of the extensive kaolinization observed in thin 
section (Appendix A).
K-Ar analyses on the 2 plagioclases from the Norseman dyke were 
kindly done for the w riter by Dr. I. McDougall. The analytical results are 
given in Table 1L The age for V304 PL is 2115 m. y. and that for GA1178 PL
* Horwitz and Sofoulis (1965) consider the dykes as Lower Proterozoic; the 
2100 m. y. age quoted is the K-Ar measurement for sample GA 1178.
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The solution to th is  re g re ss io n  is  indeterm inate. It is  theore tically  wrong to
have a positive slope for Model 2 and a negative for Model 3, as positive slope
for Model 2 favours Model 2, while negative slope for Model 3 favours Model 3,
(M cIntyre et al. (1966)). In support of th is theo re tical prediction  is  cited
the fac t that only one o ther indeterm inate reg re ss io n  is  known. In th is p a rticu la r
case  th is  situation has been brought about by the inclusion of sam ple V268(2)
which does not belong to the population.
87 86The age and in itia l Sr /S r of these  acid flows is  s ta tis tica lly
d istinc t, a t the 5% level, from  the to ta l-ro ck  gran ite  data. The low in itia l 
87 86
Sr /S r  of these  acid flows is  not d istinc t, a t the 5% level, from  the low and
87 86m eteo ritic  in itia l Sr /S r  ra tio s  d iscussed  in Chapter I. P a rticu la rly  it is  
not d is tinc t from  the value obtained for stony m eteo rites  by Pinson, et. a l .
(1965); 0. 697 -  0. 001 ( ct ) , norm alized  to S r ^ / S r  ** of 8.34. The method of 
testing  has been given in Chapter II. In addition, the data of Pinson, et al. (ibid) 
w ere re a sse s se d  by the p re sen t reg ress io n  method. The MSWD for the reg ress io n  
of these data is  4. 74, and a Model 2 re su lt  is  recom m ended. However, the 
acceptance of a Model 2 re su lt is  not valid as it  incorpora tes  estim ates of 
variances for th is lab o ra to ry , m oreover, Pinson, et. a l . (ibid) consider th e ir  
isochron as within experim ental e r ro r .  It is , however, reasonably  valid to 
accept a Model 1 re su lt provided the standard  e r ro r s  a re  estim ated  from  the 
residual variance of the re g re ss io n  and not from  the pooled labora to ry  estim ates 
of variance. This is  done by m ultiplying the standard  e r ro r s  of Model 1 re su lt 
by the square roo t of the MSWD. The in itia l ra tio  thus obtained is  0. 6965 ^
O O  O f »
0. 0008 (a), norm alized  to Sr /S r  of 8 .34. This too is  ind istinct at the 5%
level from  the in itia l ra tio  of the acid flows.
The high uncertain ty  in the in itia l ra tio  of the acid flows re su lts
87 86from  the long extrapolation of the isochron to zero  Rb /S r . F u rth er analyses 
on m ineral concen trates a re  planned.
46 .
K algoorlie Mine Porphyry
This porphyry is  in trusive  and cuts the folded greenstones of the
K algoorlie m ines, as well as the Black F lag Beds which contain acid flows.
It should th e re fo re  be younger than the flows. Subsequently to its  in trusion  this
porphyry has been folded. The 5 sam ples analysed a re  from  the Edwards shaft,
3 of them  being from  th e  "Boulder Dyke” . The analytical data a re  given in
Table 13 and displayed on an isochron (Figure 9). The reg ress io n  of these  data
+ 87 86is  within experim ental e r ro r ;  the age is  2670 -  90 m. y. and initial Sr /S r 
0. 6990 -  0. 0011, with MSWD of 1. 89.
P e tro log ica lly  these rocks a re  extensively carbonated, and it is  
im possib le to de term ine  th e  fe ldspar composition optically. V291 is  essen tially  
a quartz  carbonate rock. The principal locus of Rb is  in se r ic ite  afte r fe ldspar.
In view of the petrograph ic  evidence (Appendix -  A) th is isochron m ust be in te r ­
p re ted  as giving the age of m etasom atizm , and is  a minimum age for th is rock.
The in itia l ra tio  is higher than that for the acid flows.
N orsem an Porphyry
These a re  a lb ite  porphyry dykes from  the m ines at N orsem an. They 
a re  post-folding and younger than the g ran ites, but o lder than the gold m in e ra liz ­
ation and the E ast-W est Dykes. The analytical re su lts  a re  shown in Table 14 
and on an isochron plot F igure  10. The indicated age is  2550 - 160 m . y. and
Q  ri QCZ I
initial Sr /S r 0. 7113 -  0. 0217. This is  a Model 3 re su lt with MSWD of 
21. 63, and a pronounced geological effect ex ists . The above age is  significantly 
older than the East-W est Dykes but not d istinc t from  the g ran ites. It is  in te resting  
to note the age of 2560 m. y. for the acid porphyry of the Koolanooka Hills obtained 
by A rriens (1963).
P e tro log ica lly  these  rocks a re  very  d iss im ila r . They a re  much
contam inated and at le a s t in p a rt derived from  p re -ex is tin g  m ate ria l, which would
87 86account fo r the high in itia l Sr /S r . The isochron gives no m ore than a rough
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estim ate  of age for these  dykes which tra n sg re ss  the folded greenstones and 
sedim ents at N orsem an.
Post-fo lding P orphyry .
As m enti oned in Chapter III a negatively po larized  anomaly strik ing  
o
N 37 W was located north  of K algoorlie by Dockery and Finney (1964), who 
a ttrib u te  th is to a post-folding dyke, and reg a rd  it as possib ly  the youngest rock 
in the a rea . It does not appear to be cut by an anomaly associated  with one of the 
E ast-W est Dykes. New Consolidated Goldfields have located an outcrop of acid 
porphyry in th is  a rea . An oriented sam ple was kindly m easured  for the w rite r 
by M r. H. P o ra th  and was found to be re v e rse ly  m agnetized. Due to severe  
w eathering th is rock  was not dated, though X -ray  analyses indicate high R b/Sr 
ra tio s  and in th is  re sp ec t th is  rock is  s im ila r to the N orsem an post-folding 
porphyry. The K algoorlie porphyry is  folded and has very  low R b/Sr ra tio s . 
T herefo re  th is acid porphyry is  tentatively  considered to be of equivalent age 
to the N orsem an porphyry.
Penneshaw  Acidic Schists
These rocks a re  from  a m ajor zone of shearing  and granitization in
greenstone and sed im en tary  rocks of the Penneshaw Beds at N orsem an. The
analytical re su lts  for five sam ples a re  given in Table 15, and the data fail to
define a re liab le  isochron  (F igure 11). The reg re ss io n  of these  data gives
2520 -  580 m .y . and 0, 757 -  0.105 (MSWD is  96). I feel that heterogeneous 
87 86in itia l Sr /S r  ra tio s  a re  responsib le  for the fa ilu re  of these  points to define 
an isochron.
B asic Rocks - K algoorlie
P arin g a  B asa lt. W estern Mining C orporation divide in trusive  and ex­
tru s iv e  basic  rocks into th re e  v a rie tie s: am phibolitic, ch lo ritic , and bleached. The 
am phibolitic rocks c a r ry  amphibole and ch lorite , the ch lo ritic  have no amphibole
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left, while the bleached rocks are extensively carbonitized. Eleven samples 
(Table 16) of the amphibolitic and chloritic basalts were analysed. The isochron 
(Figure 12) gives an age of 2660 - 30 m. y. and initial Sr87/Sr88 0. 7008 - 0. 0005. 
This is a Model 1 result (MSWD is 1. 58), i. e. all error is within experimental 
limits. Samples V402 and V404 are excluded from the regression as these rocks 
are sheared (see petrography - Appendix A). The regression of the amphibolitic 
samples alone gives virtually identical parameters, moreover both the amphibo­
litic and the chloritic rocks have similar initial ratios as given by the Rb free 
samples (V297, V298, V296, V290), and therefore the grouping of these two 
varieties is substantiated. On petrographic grounds alone (Appendix - A) this 
isochron must be regarded as defining a metamorphic event. From field 
evidence this rock should be older than the Kalgoorlie mine porphyry and the acid 
flows. The initial ratio is significantly higher from that of the acid flows, but 
ages are not distinct. However both age and initial ratio are distinct from those 
of the granites as given by the total-rock data.
Golden Mile Dolerite. This is a member of the ’’Younger Green­
stones”. It is a concordant sill but locally is transgressive. The samples
analysed (Table 16) are severely metasomatized - chloritized and bleached. The
+ 87 86isochron (Figure 13) indicates an age of 2710 - 100 m. y. and initial Sr /Sr 
of 0. 6985 - 0. 0024. This is a Model 3 result (MSWD of 13. 23). Samples V406 
and V408 lie outside the limits of the regression and are excluded from it. In 
addition there is petrographic support for the exclusion of the former. The 
severe metasomatism observed in this section suggests that this age is meta­
morphic. From field relations this rock is known to be older than 2670 m. y. as 
given by the Kalgoorlie mine porphyry and younger than 2730 m. y ., age of the 
acid flows. Folding probably begun while the sill was being emplaced and the main 
phase of it was over by the time the Kalgoorlie mine porphyry was intruded. Thus 
the time between the intrusion and metamorphism for the Golden Mile Dolerite
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87 86is extremely small. Any increase in the initial Sr /Sr due to strontium homo­
genization by metamorphism would also be small. The indicated initial ratio of
the isochron is significantly higher than that of the acid flows (0.6929). If no 
87addition of Sr from an external source occurred during the metamorphism then
87 86this points to possible differences in Sr /S r of the source region.
Basic Rocks - Norseman
Woolyeenyer Group basalt. The Norseman basic rocks are much 
less altered than their Kalgoorlie counterparts; igneous textures are better p re ­
served and there is a general paucity of carbonate, however, metamorphism is 
detectable. Six samples of pillow lavas were analysed (Table 17) and fail to define 
a consistent isochron (Figure 14). Under the microscope V336-9 are sim ilar, 
whereas V340 and V341 are dissim ilar from each other and from the other four
samples. No reliable estimate of age can be given for these rocks. However,
87 86assuming an initial Sr /S r 0.6994, which is the mean of the two Rb free samples 
V336 and V337, V341 would give an age of 2655 m. y. and V340, 2990 m.y. The 
true age of the rock probably lies between these limits.
Bluebird Gabbro. Samples from this concordant sill have extremely 
low Rb/Sr ratios and consequently are unsuitable for Rb-Sr age determinations.
Sr87/S r86 ratio of one Rb free sample is 0. 6997 (V335 - Table 17).
Mungari Shales.
The above name is used for shales located 1 mile south of the 
Mungari granite (Figure 1). These shales belong to the upper sequence of Horwitz 
and Sofoulis (1965) and have been metamorphosed and intruded by the Mungari 
granite. The analytical results are in Table 18, and the isochron age (Figure 15) 
is 2590 - 140 m. y. with an initial Sr87/S r86 of 0. 691 - 0. 038. This is a Model 4 
result, having MSWD of 21. 84. Sample V149(4) is excluded from the regression 
as it visibly departs from the isochron, which may be due to the presence of
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d e trita l m a te ria l. As expected this m etam orphic age is  close to that given by 
the g ran ite s , which is  ra th e r  su rp ris in g  in view of the severe  weathering of th is 
shale. However, the sev e re  w eathering is  probably reflec ted  in the high residual 
v ariance  of the reg re ss io n .
All the sam ples from  the Mungari shales p resen ted  unusual
analy tical p rob lem s, in that it proved difficult to obtain acceptable Sr m ass
87 86sp ec tro m ete r runs due to p e rs is te n t Rb. Rb /S r  ra tio s  have been determ ined
by X -ray  fluorescence. However, th is  technique is  not very  accu ra te  for
sam ples such as th ese  with very  low strontium  content. The available isotope
dilution analysis for sam ple V149(2) is  p re fe rre d  to the X -ray  fluorescence
re su lt a s  it fits  the isochron , the la tte r  being thought to be in e r ro r .  S im ilarly
analysis for V149(4) which is  excluded from  the isochron , may also  be in e r ro r .
The re g re ss io n  method used h ere  is  not s tr ic tly  valid for these 
87 86data w here Rb /S r  has been determ ined by X -ray  fluorescence as the p resen t 
trea tm en t in co rpo ra tes  an estim ate  of variance fo r th is m easurem ent by isotope 
dilution. However, the re g re ss io n  p a ram e te rs  a re  probably b e tte r estim ated 
by th is method than the sim ple  reg re ss io n  with no e r ro r  in X,
Flack Flag Shales.
All sam ples in th is  grouping belong to the Black Flag Beds of 
87 86Woodall (1965). The Rb /S r  ra tio s  for these  sam ples was orig inally  d e te r­
mined by X -ray  fluo rescence , but subsequently have been redone by isotope 
dilution, which did not m arkedly  im prove the sca tte r  of points on an isochron 
plot. However, the isotope dilution re su lts  a re  p re fe rre d  to the X -ray  flu o res ­
cence. R esults by both techniques a re  rep o rted  in Table 19. R egression  of all 
the 12 points gives an age of 2570 -  200 m. y. (MSWD is  66. 89) and th e re fo re  a 
grouping of sam ples is  sought to define a m ore meaningful age. (F igure 16).
The twelve Black Flag shale sam ples a re  from  d isp erse  localities
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up to 50 miles apart, while seven samples are from two localities only 11 miles 
apart. These are from the south end drilling 7 miles southwest of Kalgoorlie 
(V174 (1, 2, 4), V118, GA941) and from Celebration 18 miles southwest of 
Kalgoorlie (GA597 (6, 8)). In addition the petrography supports the exclusion of 
samples V147(l), V148(2), and possibly GA597 (4 and 5) from the isochron.
These seven points can be fitted by a line which gives 2640 - 100 m. y. 
and an initial Sr^/Sr**6 of 0. 6975 -  0. 0036. This is a Model 3 result with a 
MSWD of 6. 76, and therefore is a significant reduction from 66. 89 given by the 
regression of all points. Statistically the above seven points give the "best" 
line. It has been found that of the numerous regressions considered for different 
combinations of points, this line fits the maximum number of points for the 
lowest residual variance. Incidentally, the remaining five points can be fitted 
by a line which gives 2800- 600 m. y . , 0. 702 - 0. 013, with MSWD of 34. 46, a 
Model 3 result; and these two regressions when pooled, using the method given 
in Chapter n, give 2650 - 100 m. y.
Another possible grouping of samples is that of the five core 
samples from the south end drilling. The regression of these data gives 2790 - 
200 m. y. and 0. 6947 ^ 0. 0026, a Model 2 result (MSWD is 7. 70).
None of the above ages are statistically distinct from the age of 
the acid flows (i. e. 2730 - 90 m. y .). It is assumed the shales are of this age 
as acid flows have been intersected in the south end drilling. On petrographic 
evidence these samples all show effects of metamorphism (Appendix - A). It is 
suggested that the line fitting the seven points (2640 - 100 m. y .) be accepted as
+
defining a metamorphic event. The initial ratio of this isochron is low (0. 6975 - 
0. 0036) but this is expected. The initial ratio of the shales would have been low 
to start with as all older rocks are basic. Moreover, increase in this ratio due 
to Sr isotopic homogenization during metamorphism would be small as there appears 
to be only a short interval of time between deposition and metamorphism.
52 .
Kapai Slate.
This is a 10 ft thick graphitic slate band stratigraphically above the
Devon Consols Basalt, and it is in contact with the Williamstown Dolerite - a
’’Younger Greenstone” (Table 7). This rock should be older than 2730 m.y. -
87 86the age of the acid flows. The analytical results are in Table 20; Rb /Sr has 
been measured by isotope dilution and X-ray fluorescence methods, but the former 
is preferred and used in the regression of these data. The age indicated by the 
isochron is 2460 - 150 m .y. with an initial S r ^ / S r ^  ratio of 0. 7185 - 0. 0119 
(Figure 17). This is a Model 3 result, with MSWD equal to 64.45, and a pronounced 
’’geological effect” exists. This age is undoubtedly a metamorphic one, and this 
is supported by the petrography as well as the high initial ratio. It is distinct at 
the 5% level from the age of the acid flows and the granites, but not distinct from 
the East-West Dykes. The excess residual variance of the regression is probably 
a cumulative effect produced by several responses to a younger event. In the 
first instance it is expected that this rock would have been updated by the intrusion 
of the "Younger Greenstones", in particular the Williamstown Dolerite with which 
it is in contact. Next there are  the intrusion of acid porphyries and metasomatism, 
and finally an event at 2460 m. y. This is very sim ilar to the age of the East- 
West Dykes and the age of gold mineralization which is discussed subsequently.
Woodline Beds.
These have been considered Upper Proterozoic in age by Sofoulis 
(1961) and have been equated by him with the "Stirling-Barren” sediments in 
southwestern Australia (Sofoulis 1958). Twelve total-rock samples (Table 21) of 
siltstones have been analysed, eight of which are colinear and define an isochron, 
(Figure 18). In the absence of any metamorphism of these samples this is taken 
as the age of deposition. The regression of the 8 samples gives 1620 - 100 m. y. 
and an initial S r ^ /S r 86 of 0. 7160 - 0. 0028. This is a Model 4 result with MSWD
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of 21. 89. P a r t  of th is  excess residual variance is  probably due to a higher
87 86variance  associated  with the X -ray  m easurem ent of Rb /S r  for sam ples V277
(1, 3, 4, 5). As has been pointed out, the p re sen t reg ress io n  method is  not
s tr ic tly  valid fo r sam ples analysed by the X -ray  technique, but as the range of 
87 86
Rb /S r  values is  sm all essen tially  a constant variance is  assigned to th is
m easurem ent. P ossib le  geological e r ro r ,  assum ing that sam ples have rem ained
87chem ically closed with re sp ec t to Rb and Sr, could be inherited  radiogenic Sr 
(Whitney and Hurley, 1964) due to fa ilu re  of sam ples to exchange all th e ir  Sr 
with sea  w ater. Sam ples V277 (2, 9, 10, 11) a re  excluded from  the above 
reg re ss io n  as they lie  significantly  above the isochron, and th is  is  a ttributed  to 
the p resence  of d e tr ita l m a te ria l. It is  significant that in th ree  isochrons for 
shales (F igures 15, 16, 18) a meaningful age appears to be defined by a line 
fitting the m axim um  num ber of points, with points m arkedly departing from  the 
line being invariab ly  above it.
In southw estern  A ustralia  th e re  a re  th ree  o ther occurrences of flat 
lying P recam b rian  sed im en ts, chiefly shales. These a re  a t Mt. Jackson, 80 
m iles  north  of Southern C ro ss , Mt. B arren , and Stirling  Ranges. Only the la s t 
of these has been found su itab le  for Rb-Sr age determ ination. Sofoulis and Bock 
(1961) have ten tatively  suggested that the Mt. B arren  and S tirling Range sedim ents 
a re  co rre la tiv es  of the Woodline Beds. Specimens from  the Stirling Range Beds 
have been analysed by the w rite r  and the minim um  age of deposition is  placed 
at 1340 m. y. (Turek and Stephenson (1966) -  d ra ft in Appendix D). Thus the above 
co rre la tion  is  supported to within the uncertain ty  of the p re sen t Rb-Sr in te rp re ­
tation.
In addition th re e  sam ples of quartz ite  have been analysed (Table 21). 
This is  a very  clean sandstone composed of quartz  g rains cem ented by s ilica . The 
only possib le p lace fo r Rb is  in the zeolites filling the sty lo litic  cracks. These
54 .
th ree  sam ples if plotted on an isochron d iagram  can be fitted  by a line whose 
age is  1200 m. y. , but the res id u al variance of such a line (MSWD of 64.32) is  
la rg e  and the 95% confidence lim its  a re  900 m. y. This la rg e  uncertain ty  may be 
due to a rea l geological effect. It is  certa in ly  in p a r t due to the line having only 
one degree of freedom  and may possib ly  be due to variab le  Sr contam ination, 
which for such low level sam ples as these  is  significant. No allowance has been 
made for th is in the analyses nor in the re g re ss io n , and th e re fo re  no im portance 
can be attached to these  analyses, which a re  only repo rted  because all re su lts  
a re  being repo rted  here .
Age of Gold M ineralization .
T heories on the genesis of the gold m ineralization  in W estern 
A ustralia  w ere review ed by P r id e r  (1948). P r io r  to th is  the general concensus 
of opinion (e. g  Simpson (1939)) was that the goldbearing solutions w ere derived 
from  a g ran itic  magm a. P r id e r  (ib id .) has postulated two periods of gold 
m ineralization  of d ifferent genetic origin. The sulphide-bearing  lodes associated  
with extensive s ilica -ca rb o n a te  m etasom atism  of the country rock as in the 
Golden Mile a t K algoorlie a re  genetically  re la ted  to the ’’Younger G reenstones” , 
while the free  gold in quartz  re e f  orebodies have been re la ted  to theVxYounger
u
G ranite (op, c i t . ). As has been mentioned in Chapter III, analyses of lode 
m ateria l by W estern Mining C orporation do not substan tia te  th is two fold division 
because there  is  a gradational transition  between te llu rid e  and gold-quartz 
m ineralization.
The p re sen t work ind icates that the age of gold m ineralization  in the 
K algoorlie-N orsem an a re a  is  2400 -  30 m. y. old, which is  much younger than 
either the ’’Younger G reenstones" o r the g ran ites.
Kalgoorlie: The gold lodes here  a re  not cut by any younger igneous
rock. Ten sam ples of both go ld -te llu ride  and gold-quartz  lode m a te ria l have been
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Similarly if the age of gold mineralization is 2710 m. y. and 2460 m. y. represents
87 86a metamorphism, then the initial Sr /Sr of 0. 6985 given by the Golden Mile
87 86Dolerite would have to increase by 0. 0053 in 250 m. y . . This calls for a Rb /Sr
87 86ratio of 1. 53, while the observed mean Rb /Sr for the ten mineralized samples
analysed is much higher, 2. 77. This argument, of course, hinges on several
87 86assumptions, particularly on that the mean Rb /Sr ratios of the analysed 
samples is representative of the rocks. Moreover, it is difficult to see why only 
the lode material and the Kapai Slate have been updated by a metamorphism, 
while the Kalgoorlie mine porphyry, Paringa Basalt, and the Golden Mile Dolerite 
were not metamorphosed at 2460 m. y .. The Rb in these rocks is also principally 
in the sericite.
Smithfield;- At the Kanowna station homestead, the Smithfield
granite (Figure 1) contains a gold quartz reef along a northerly striking shear.
Biotite is locally developed in the quartz and undoubtedly is oogenetic and coeval
with the quartz and hence with the gold. The age of this biotite is 2360 m. y . ,
87 86assuming initial Sr /Sr 0. 70 (Table 22). The Smithfield granite has been
dated (2610 m. y. - Table 9) but biotite in the granite appears to have lost radio- 
87genic Sr to give 2530 m. y ., probably in partial response to the mineralization.
Spargoville:- Several gold-bearing muscovite veins up to six inches 
wide cut the acid porphyry at Spargoville. The gold is localized in joint planes 
of the porphyry and along the walls of the veins. An age of 2430 m. y. determined 
for the muscovite (Table 22) gives an estimate for the age of the mineralization, 
as it seems probable that the gold was introduced during emplacement of the 
muscovite veins.
Norseman:- The quartz reefs post-date the Norseman porphyry 
(2550 m. y .) and are post-dated by the Norseman Dyke (2420 m. y.), giving a very 
good geological control on the age of gold mineralization. The six samples 
analysed (Table 22) are divisable into two categories: V322, V323, V342 are
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sam ples of quartz  re e f  and a re  composed of quartz  and se r ic ite  and possibly 
fuchsite , while V324, V343, V351 a re  from  the wall rock a lteration  zone, o rig in ­
ally  basic  rocks that have been biotitized and in jected  with sulphides. The isochron
+ 87 86age for all six sam ples (F igure 20) is  2400 -  40 m. y. and the in itia l Sr /S r  i  s
0. 7013 -  0. 0171. This is  Model 3 re su lt with MSWD of 23. 75. This age is  not
s ta tis tic a lly  d is tin c t at the 5% level from  the age of the E ast-W est Dykes, and is
th e re fo re  not in contradiction to the observed field  re la tions.
The excess res id u a l variance of the re g re ss io n  is  m ost likely due 
87 86to varia tions in in itia l Sr /S r  between sam ples. Unusual analytical d ifficulties
87have been encountered in analyses of Rb of one sam ple -  V323 (Table 22). This
87m ay be due to adsorption of Rb in solution. Consequently Rb of th is sam ple 
was m easured  by X -ray  fluorescence, and th is is  coupled with the Sr analysis 
of the ß 'ru n  and used in the reg re ss io n  of these data, as the isotope dilution 
analyses a re  unreproducable.
All the above ages fo r gold m ineralization  at K algoorlie, Smithfield, 
Spargoville and N orsem an a re  s ta tis tic a lly  indistinct from  each other at the 5% 
level, nor a re  they d istinc t from  the age of the E ast-W est Dykes. The reg ress io n  
of all the m inera lization  sam ples gives 2400 -  30 m. y. and th is too is  not d istinct 
from  the E ast-W est Dykes. Thus a co rre la tion , a t le a s t in tim e, of these  two 
events, gold m inera lization  and in trusion  of dykes, is  unavoidable -  and so the 
m ineralization  may be genetically  re la ted  to the dykes.
It is  in te re stin g  to note the following Pb ages on galanas from  : 
K algoorlie-Lakeview  and Star Mine 2405 m. y.
N orsem an-P hoenix  Mine 2265 m .y .
Bullfinch-C opperhead Mine 2335 m. y.
These a re  Toronto analyses (R ussell and F arquhar (1960) -  p. 171), and the ages 
a re  as repo rted  by W ilson et a l . (1960). These re su lts , however, recalcu lated
applying different m odels and constants will produce d ifferent ages by severa l
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hundred million years. More recently, Wampler and Kulp (1964) in a study of
lead in sedimentary pyrite report two analyses from shales here. Both samples
show effects of metamorphism. In particular one sample, from Kapai Slate,
is close to a lode and gives a model age of 2300 m. y . ; it is suggested (op c it.)
that this pyrite may not be of sedimentary origin. The other sample, from the
base of the Black Flag Beds, could be 2800 m. y. old.
Riley (1961) reports a Rb-Sr age of 2250 m.y. (for R^  = 0. 70) for
the mineralization at Norseman. This sample, 224M, has been made available
to the writer and is V322 (Table 22). This has been re-analysed in duplicate and
gives 2410 m. y. The main discrepancy in these ages lies in the higher value 
87for Rb obtained by Riley at Perth.
Miscellaneous Analyses.
These are analyses for isolated samples which could not be validly
included in any of the above isochrons. The analytical data are given in Table 23.
V267 (1 and 8) These two samples are from a book of muscovit e
5M x 3” x f ” from the Londonderry lithia pegmatite. Sample V267(l) is from the
edge of this book and V267(8) is from the middle, and both samples incorporate
all the plates for the thickness of this book. The purpose of this sampling was
87to determine any discrepancies in age, a possible gradient in radiogenic Sr
87 86between centre and edge of this book. Assuming an initial Sr /Sr of 0. 70, 
V267(l) gives 2660 m.y. and V267(8) gives 2610 m.y. For this type of sample the 
above difference in age can be attributed to experimental error. This pegmatite 
intrudes folded basic and sedimentary rocks of the upper sequence including a 
’’Younger Greenstone” sill. The similarity of the pegmatite age with the age of 
the granites confirms the regional mapping of Sofoulis (1964) who considers this 
pegmatite to be coeval with the internal granites. A muscovite from this pegmatite 
was dated by Jeffery (1956) and the age (for X = 1.39 x 10 11 yr 'S is 3200 
m. y. There is no doubt that the present analytical techniques available in this
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laboratory are superior to the early analyses, which represent the pioneering
work on the Rb-Sr technique. More extensive results, which will be reported
elsewhere, show that the age of the pegmatite must lie in the range 2600 to 2700
m.y. (Compston, pers. comm.).
G13. This is a metamorphic biotite from the greywacke matrix
of the Kurrawang conglomerate, situated 7 miles west of Kalgoorlie. Assuming
R^  = 0. 70 the age is 2580 m.y. This is a minimum age for this rock, and
supports the present mapping of Kriewaldt (1967) who places this rock unit in the
upper sequence. Earlier it was regarded as of Proterozoic age and correlated
with the Nullagine Series of the Pilbara area (e. g. Forman (1937)).
GA 1461. This sample is from Peak Charles, 80 miles southwest
of Norseman. It is essentially a quartz microcline rock. The total-rock and
87 86microcline analysed indicate an age of 1670 m.y. and initial Sr /Sr 0. 7473.
On field evidence this is an Archaean granite and therefore loss of radiogenic 
87Sr from the microcline is postulated for this apparent younger age.
GA 1080. This is a granite 80 miles east of Norseman and south 
of the FrazerRange granulites. The biotite, plagioclase and total-rock analysed
can be fitted by a line to within experimental error (MSWD equal to 1. 09) which
+ 87 86 +gives 1170 - 80 m. y. and initial Sr /Sr 0. 7060 - 0. 0032. This is taken as the
age of granite emplacement in this area, but it is admitted that this oould be age
of metamorphism; it is effectively a biotite age as total-rock and plagioclase
are of low enrichment. Wilson, et al. (1960) report a Rb-Sr age of 1280 m.y.
and K-Ar age of 1210 m. y. for a muscovite from a pegmatite cutting the Frazer
Range granulites. The above granite age is similar to the age of the Albany
granite, 1100 - 50 m .y ., in southwest Australia (Turek and Stephenson (1966) -
draft in Appendix D).
GA 940, This rock, from the White Hope Mine south of Kalgoorlie, 
is a biotite gneiss produced along a major shear in basic lavas and sills. The
60 .
87 86age and initial Sr /Sr obtained by the join of the total-rock and biotite analyses
is 3000 m. y. and 0, 695. Rb-free calcite separated from this rock gives a 
87 86Sr /Sr ratio of 0. 7028. Using this value for calculation of an age, the total- 
rock gives 2400 m. y . , which could be interpreted as the age of shearing and is 
close to the age of mineralization. The older biotite age, I am inclined to think, 
is analytically in error,
G 8. Is a sample of the Bali gneiss, and is situated 8 miles east 
of Coolgardie. It is considered coeval with the granites. The biotite age is
2410 m. y. whereas the muscovite age is 2675 m.y. (for R. = 0.70). Thus
87 *biotite has lost radiogenic Sr .
G 24. This is a sample of biotite from a three inch pegmatite vein
cutting the Gnarlbine granite (Figure 1), which gives 2475 m.y. at R^  = 0.70.
Such small pegmatite veins are quite common in the area and frequently strike
east-west, and may be of the same age as the East-West Dykes, However, the
87possibility of leakage of radiogenic Sr cannot be dismissed in view of the narrow 
width of the vein.
F 164 is a microcline fraction from the Emu Rocks, an albitic
porphyry 20 miles southeast from Coolgardie. The microcline was separated
from the matrix of the porphyry and gave an age of 2490 m. y. (at R^  = 0. 70). On
field evidence this rock is at least as old as the granites and loss of radiogenic 
87Sr may have taken place.
V 264 This is an arkosic quartzite of the upper sequence physically
situated immediately above the unconformity between the upper and lower sequences
(Horwitz, pers. comm). Hence this rock should be younger than the acid flows -
87 862730 m . y . , which would require an initial Sr - /Sr greater than 0. 71.
V 102 a volcanic agglomerate within the Black Flag Beds has a very
87 86low Rb/Sr ratio. The choice of an initial Sr /Sr for this sample is extremely 
critical. If 0. 70 i s accepted the age is 2750 m . y . , but at 0. 71 the age is 2020 m. y.
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V289 a sample of the Devon Consols Basalt (Table 7) is one of the
87 86’’Older Greenstones”. Once again the choice of an initial Sr /Sr is critical; 
at 0. 70 age is 2560 m. y. This sample could be included on the isochron of the 
Paringa Basalt and would not alter the regression of these data.
V207 is a porphyry breccia. Extremely low enrichment precludes 
any estimation of age.
GA 939 is a mylonite from the Federal Mine and is similar to the 
analysed Kalgoorlie ore material but more re-crystallized. Moreover it does 
not carry gold, and therefore has not been included with the Kalgoorlie mineral­
ization samples. In view of the low enrichment of this rock the choice of an 
87 86initial Sr /Sr value is critical; at 0. 70 age is 1120 m. y. This could be the 
age of post-ore faulting.
Summary and Conclusions.
A summary of age determinations is given in Table 24. Metamorphic 
ages are denoted by the letter M, ages are numbered and discussed accordingly.
(1) Woodline Beds (1620 - 100 ; 0. 7160 - 0. 0028) are the youngest Precambrian
rocks in the area. This age is taken as the age of deposition, the source 
rocks of the mud stone-shale are in part granites and this is reflected in 
the observed initial ratio.
(2) East-West Dykes (2420 - 30 ; 0. 7004 - 0. 0006) are the youngest igneous
rocks of the area. Samples dated here are from the Norseman dyke and 
the Celebration dyke, the latter being 18 miles south of Kalgoorlie and the 
nearest dyke to the Kalgoorlie mines.
(3) Gold Mineralization of Norseman (2400 - 40 ; 0. 7013 ^ 0. 0171) Samples
analysed are gold-quartz ore and biotitic wall rock alteration.
(4) Gold Mineralization at Kalgoorlie (2460 - 80 ; 0. 7038 - 0. 0036) from
samples of gold-telluride and gold-quartz lode material.
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(5) Gold Mineralization (2400  ^30 ; 0. 7045 - 0. 0039) for the Kalgoorlie-
Norseman area is given by the regression of all samples (3) and (4) 
above, plus the biotite from Smithfield and muscovite from Spargoville. 
This age (5) is not distinct from (2) at the 5% level. From field 
relations at Norseman, quartz reefs are postdated by the Norseman 
dyke (2).
(6) Norseman Porphyry (2550 - 160 ; 0. 711 - 0. 022). This rock post dates
the folding, and perhaps the uncertainty in age could be taken as - 150,
+ 75, as the upper limit is controlled by the granites. It is tentatively 
correlated with the post-folding acid porphyry north of Kalgoorlie. On 
structural evidence this rock is younger than the Kalgoorlie mine 
porphyry.
(7) Granites (2612 - 13 ; 0. 7026 - 0. 0007). This age is given by the total-
rock data of both internal and external granites. It is possible that the 
external granites are older by about 1% as given by the mineral data for 
this suite. The Londonderry lithia pegmatite is dated as 2635 m. y. by 
two muscovite analyses. The tin-bearing pegmatites at Norseman are 
genetically related to the granites, and are assumed to be of the same 
age.
(8) Kalgoorlie Mine Porphyry (M2670 - 90 ; 0. 6990 - 0. 0011). In view of the
severe carbonate metasomatism, this isochron is taken as giving the 
metamorphic age. This rock in all probability is not represented at 
Norseman, where also the metasomatism is absent, therefore this 
carbonate metasomatism may be related to the porphyry.
(9) Golden Mile Dolerite (M 2710 - 100 ; 0.6985 - 0.0024). The samples are
metasomatised and the age is considered metamorphic. The initial ratio 
is significantly higher from that of the acid flows (12).
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(10) Mungari Shale (M 2590 - 140 ; 0. 691 - 0. 038) is contact metamorphosed
by the Mungari granite.
(11) Kurrawang Conglomerate (M 2580). This age is given by a metamorphic 
biotite from the greywacke matrix of the conglomerate.
(12) Acid Flows (2730 - 90 ; 0. 6929 - 0. 0039). This isochron is taken as
giving the true age of this rock. The initial ratio is low, and petrograph- 
ically there is no evidence of a later metamorphism. All samples are 
away from the Kalgoorlie Mines where the metasomatism is so widespread.
(13) Black Flag Beds (M 2640 - 100 ; 0. 6975 - 0. 0036). This age is given by
shales south of Kalgoorlie which are slightly metamorphosed.
(14) Paringa Basalt (M 2660 - 30 ; 0. 7008 - 0. 0005) gives a metamorphic
age with a high initial ratio.
(15) Kapai Slate (M 2460 - 150 ; 0. 7185 - 0. 0119). This age is statistically
indistinct from the age of gold mineralization or the age of the East- 
West Dykes. Locally this rock is mineralized.
(16) Penneshaw Beds (M 2520 ^ 580 ; 0. 757 - 0. 105). The Penneshaw acidic
schists fail to define a consistent isochron, and no importance can be 
attached to this result.
The ages given by the isochrons for : Kalgoorlie mine porphyry, 
Golden Mile Dolerite, Black Flag shale, Paringa Basalt are all metamorphic. 
These when pooled, using the method given in Chapter II, give 2665 - 25 m. y. It 
is suggested that this be taken as the age of metamorphism and metasomatism 
in the area. The Mungari shale (10) is not included as it was metamorphosed 
by the Mungari granite. Similarly (11) biotite from the Kurrawang conglomerate 
may have responded to this nearby intrusion.
Another event is defined by the isochrons for the East-West Dykes 
(2), the mineralization (3) and (4), and the Kapai Slate (15). These isochron 
ages pooled give : 2410 - 30 m. y. This event is probably responsible for the loss
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of radiogenic Sr in a few of the minerals from granites that give younger ages.
The oldest isochron age is 2730 -  90 m. y. given by the acid flows, 
which are strati graphically near the top of the lower sequence. The metamorphism 
at 2665 - 25 m. y. post-dates the upper sequence. Thus the maximum length of 
time for the formation of the upper sequence is 65 - 25 m .y .. (The uncertainty 
here is the 95% confidence limit for the variance of the difference.) If the time 
for the formation of the lower sequence was also of this duration then the rocks 
in this part of the shield are younger than 2900 m. y . .
It is concluded that Archaean sedimentation and volcanism in the 
Kalgoorlie-Norseman area was closed by the metamorphism at 2665 - 25 m. y.
This has been followed by the emplacement of granites at 2612 - 13 m .y ., and 
intrusion of post-folding acid porphyry dykes. There is now a break in igneous 
activity until 2410 ^ 30 m .y. This event is defined by the East-West Dykes, 
gold mineralization, and metamorphism of Kapai Slate. There is no record of 
subsequent igneous activity or metamorphism. Some 800 m .y. later, the 
Woodline Beds were deposited unconformably on the granite and greenstone.
TABLE 24. Sum m ary of events in Chronological Sequence
NORSEMAN MINES KALGOORLIE -  NORSEMAN AREA
N orsem an Dyke ------ >
Gold M ineralization 2400 -  40 ^
Woodline Beds 1620 -  100 ^
-  unconform ity -
E ast-W est Dykes 2420 -  30 ^
Gold M ineralization 2400 ^ 30 ^
KALGOORLIE MINES
Gold M ineralization 2460 -  80 (4)
N orsem an Porphyry 2550 -  160 (6) Post-F o ld ing  Acid Porphyry
( ? )
* (i) Royal Amphibolite
* (ii) B luebird Gabbro
* (iii) Lady M ary Form ation
Mt. T h irsty  Beds
Abbotshall Beds
W oolyeenyer Group 
*(i) and *(ii)
Noganyer Group
*(iii)
Penneshaw  Beds M2520 -  580
^  G ranites 
I (including pegm atites)
I
J Acid Dykes, Sills and Plugs 
{-- folding - 
* Basic Dykes and Sills 
("Younger G reenstones")
2612 -  13
Upper Sequence. Not in s t r a ­
tig raph ic  o rder: Shales, > M2590 - 140 
basic  volcanics, c lastic  s e ­
dim ents, greyw ackes, iron  
form ation, conglom erates-^ M2580 ' '  M 
“ -  unconform ity -
Lower Sequence, Acid flows 2730 - 90 
n ear top. Not in s tra t ig ra ­
phic o rd er: B asic volcanics, 
ch e rts , s il ts , tuffaceous 
sedim ents.
K algoorlie Mine Porphyry  M2670 -  90 ^  M
*(a) Golden M ile D olerite  M2710 -  100 ^  M 
‘ *(b) W illiamstown D olerite
(not represented)
f  Black Flag Beds M2640 - 100 *13*M
*<a> + (14)P aringa  B asalt M2660 -  30 v '  M
*(b)
Kapai Slate M2460 - 150 M 
Devon Consols B asalt 
Hannan 's  Lake Serpentinite
base  not seen
A - 1
APPENDIX A
PETROGRAPHY AND SAMPLE LOCATIONS
A total of 114 thin sections has been examined by Dr. A. F. Trendall 
of the Geological Survey of W estern A ustralia. The descrip tions given here  
a re  fo r the m ost p a r t verbatim  from  the P e tro lo g is t 's  R eports Num bers:
91, 92, 98, 105, 106, 108. Report 97, on the E ast-W est Dykes, is  by M iss 
R ,P e e rs , which is  gratefully  acknowledged. These re p o rts , in addition to 
the w r ite r ’s sam ples, cover descrip tions of rocks from  the K algoorlie map 
sheet which is  in p reparation  (Kriewaldt, 1967).
The contents of th is  appendix is:
G ranites A -  2
E ast-W est Dykes A - 7
Acid flows A - 8
K algoorlie mine porphyry A -  10
N orsem an porphyry A -  11
P aringa  B asalt A -  13
W oolyeenyer Group b asa lt A -  17
M ungari shales A -  20
Black Flag shales A -  20
Kapai Slate A -  22
Woodline Beds A - 22
Golden M ile D olerite A -  23
B luebird Gabbro A -  25
Penneshaw  acidic sch ists A -  26
Gold m ineralization  sam ples A - 26
M iscellaneous sam ples A -  29
Samples collected  by the Bureau of M ineral R esources have also  a 
BMR sam ple num ber. S im ilarly  WMC - re fe rs  to sam ples supplied by W estern 
Mining C orporation.
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GRANITES
F 234 -  Bullabulling g ran ite , at Bullabulling. Collected by M r. I. M artin.
G 32(b), G 32 (d), G 33 -  Mungari g ran ite , north  side of road  at 354. 5 m iles 
Gt. E. Hwy. C ollected by M r. I. M artin , who su g g ests  G 33 is  possibly 
a xenolith.
GA 908 -  K erram indi Soak, 11 m iles SE of Coolgardie. Collected by M r. I . 
M artin . Sample No. F 163.
V 142 - Sm ithfield g ran ite  15 m iles NE of K algoorlie, a t King of the West
Rock Hole.
V 198 - Aplite dyke, 6” wide cutting V 142.
GA 1076 -  B inneringie g ran ite  at hom estead. BMR sam ple H 51/14/2,
Lat. 31°42’ , Long. 122°14\
V 233 -  B inneringie g ran ite , s im ila r to above at P a r is  Mine and hom estead
road junction.
GA 1075 -  Woolgangie g ran ite  at 298. 5 m iles Gt. E. Hwy. BMR sam ple 
H 51/13/2 , Lat. 31°8’, Long. 120°35\
V 154 -  Woolgangie g ran ite , 400 yds south of GA 1075.
G 22 -  G narlbine g ran ite  at well, 18 m iles SW of Coolgardie. Collected by 
M r. I. M artin .
GA 1077 -  Dundas g ran ite , 14 m iles  south of N orsem an. BMR sam ple 151/2 /5 , 
Lat. 32°21’, Long. 121°46\
V 305 -  Dundas g ran ite , 1 m ile north  of old tow nsite.
GA 1078 - Stennit Rocks, 2 m iles S of Daniell. BMR sam ple 151 /2 /6 ,
Lat. 32°35’, Long. 121°34’.
GA 1079 -  Bouldania Rocks, 200 yds. N of Eyre Hwy at 18.3 m iles. BMR 
sam ple T 51/2/1 , Lat. 32°03’, Long. 122°03\
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V 272G, V 272P, V 274, V 275 -  G ranite ro ck s , 1 m ile eas t of woodline along
cu rren t tra c k  to Woodline Beds.
Photo re fe ren ce : Widgiemooltha Run 18, 5585. V 272 -  G is  granite ,
P is  pegm atite , a 6” vein. V 275 -  pegm atite vein 6M, and V 274 a 
g ran ite .
V 452 (1 and 5) -  G ran ite , C. of A. q u a rry  3 m iles  N of Karonie.
V 453 (1) -  E ray in ia  Hill g ran ite , east of Karonie
V 455 (1 and 2) -  Aplite cutting V 453 (1).
In general th is is  a fa irly  homogeneous collection of rocks; 
with a few m inor exceptions the d ifferences a re  le s s  strik ing  than th e ir  
resem b lan ces . On p lag ioclase /po tash  fe ldspar ra tio  15 a re  g ran ites, 3 grano- 
d io rite s  (G 32(b), GA 908, and G 22) and only one (G 33) a tonalite. S im ilarly  
a ll except two (GA 1079 and V 272) contain m uscovite and all except one V 452 
contain b io tite . The m inera l d ifferences which a re  the m ost conspicuous 
c r i te r ia  fo r sub-grouping in thin section do not re p re se n t im portan t changes 
in bulk chem istry . In general these  'g ra n ite s ’ a re  somewhat p oo rer in fe r ro -  
m agnesian constituents than 'av e rag e ', poorer in tourm aline and zircon but 
r ic h e r  in fluo rite .
Table A -  1 gives very  approxim ate estim ated  percen tages of 
the main m in era l com ponents, under the headings quartz  (Q), potassium  
fe ldspar (KF), p lag ioclase  (P ), and accesso rie s  and ferrom agnesian  m inera ls  
(FEM). Table A -  2 lis ts  sim ply as p re sen t or absent the m inera ls  contributing 
to th is  la s t component.
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TABLE A - 1
Sample No. Q KF P FEM
F 234 50 30 15 5
G 32(b) 30 25 40 5
GA 908 60 10 25 5
V 142 40 40 15 5
V 198 50 30 15 5
GA 1076 50 25 20 5
G 33 50 - 45 5
V 305 50 30 15 5
GA 1077 50 30 15 5
GA 1078 50 30 15 5
GA 1079 50 25 20 5
V 272 50 30 15 5
V 274 50 30 15 5
V 452 30 40 25 5
V 453 30 40 25 5
V 455 30 40 25 5
GA 1075 50 25 20 5
V 154 40 30 25 5
G 22 60 15 20 5
(N. B. ’5%’ in the 4th column is  an approxim ate m axim um  figure.
TABLE A -  2
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F 234 X X X X X X
G 32(b) X X X X ? X
GA 908 X X X X X
V 142 X X X X X X X
V 198 X X X
GA 1076 X X X X X
G 33 X X X X ?
V 305 X X X X X X X
GA 1077 X X X ? X X
GA 1078 X X X X X
GA 1079 X X X X X X X X
V 272 X X X X
V 274 X X X X X X
V 452 X X X X X X X X
V 453 X X X X X X X X ? X
V 455 X X X X X X X X X
GA 1075 X X X X
V 154 X X X X X X ?
G 22 X X X X X X
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Table A-2 does not, of course, indicate re la tiv e  quantities of the m icas, 
and th is  may be m isleading. Thus G32(b) has only sm all b io tites as 
inclusions in quartz; b io tite  outside quartz  has been a lte red  to ch lorite .
A general pe trograph ic  descrip tion  of the bulk of these  rocks would be:
'Q uartz  fo rm s a presum ably  physically  continuous fram ew ork 
in which individual c ry s ta ls  a re  about 0 . 5 - 5  mm a c ro ss , although the 
size  range is  much n a rro w er than th is in any one rock. The c ry s ta ls  
invariably  show strong s tra in  extinction and have ir re g u la r  sutured 
boundaries against the o ther qu artzes . The in te rs titia l fe ldspar m osaic 
may also be p resum ed  to form  a continuous fram ew ork. Often the potash 
fe ldspar is  of two d istinc t tex tu ra l types: phenocrysts of cen tim etre  
dim ensions and a much finer m osaic, with an average grain  d iam eter le ss  
than a m illim etre , in the m atrix  with the p lag ioclase. P henocrysts a re  
m icrocline with combined sim ple carlsbad  and c ro ss-h a tch ed  twinning while 
the potash fe ldspar of the m atrix  may be m icrocline  o r o rthoclase . The 
plagioclase has a n arrow  size  range in between the two potash fe ldspar 
types and often close to that of the  quartz . It is  invariab ly  o ligoclase or 
alb ite with lam e lla r alb ite  twinning. Som etim es oligoclase has a narrow  
rim  of alb ite  and commonly th e re  is a 'ghost zoning' defined by in ternal 
cloudy bands which a re  now of uniform  com position. The m icas or other 
accesso rie s  usually  occur in c lu s te rs  of in d iv id u a ls .'
Some rocks which d epart from  th is standard  descrip tion  to a 
significant extent, o r in which ex tra  fea tu res  seem  significant, a re  now 
noted:
V 142, GA 1079, V 453, and V 455 all c a rry  amphibole while V 452
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has aeg irine  with p a rtly  coronal yellow garnet. V 453 and V 455 gran ite  and 
associated  ap lite  a re  com positionally s im ila r.
V 272, V 452, and V 455 a re  d ifferentiab le on tex tu ra l grounds.
In th ese  th re e  ro ck s  the general m atrix  is  an equidim ensional m osaic of 
quartz  and both fe ld sp ars  with an average g rain  d iam eter about 0 .1  -  0. 025 mm.
G 33 is  distinguishable both on m ineralogy and tex tu re , and is  
a m ost rem ark ab le  and unusual rock. It evidently consists  of a m osaic of 
vast s tra in ed  q u artzes  whose dim ensions cannot be estim ated  owing to the 
lim itations of the section; in the section examined one individual is  optically 
continuous over 35 mm! Within these quartzes a re  sca tte red  subhedral to 
euhedral a lb ites 0. 5 -  2 m m  acro ss  whose separa tion  suggestions com plete 
enclosure  by the quartz .
These a re  the main m inera l and tex tu ra l varian ts  from  the 
’stan d ard ’rock . The specific points ra ised  by the isotope re su lts  a re  now dealt 
with:
1. The b io tite  of V 142 is  green, like that of GA 1079, another 
am phibole g ran ite , and unlike the brown b io tite  of a ll the r e s t  of the collection.
It gives no sign of la te r  rec ry sta llisa tio n ; much le ss  so, in fact, than many of 
the rocks with badly ch lo ritised  biotite that lie  on the isochron.
2. The unusual petrography of G 33 has been noted. Its  derivation, 
as a xenolith, from  a g reenstone, seem s unlikely, as its  b io tites, with pleochroic 
haloes cored  by ? z ircon  look typically  granitic; and the chem ical conversion 
req u ired  would be so rad ica l tha t any tra c e  elem ent pa tte rn  could hardly  be 
p resum ed to surv ive with any confidence. P ossib ly  these  gigantic quartzes a re
a re su lt of an annealing effect. It may certain ly  be a xenolith, however, th e re  
is  no doubt th a t  it  doesn’t ’f i t ’ with the o thers of the collection.
3. GA 1077 KF: T here  is  nothing unusual about th is . The fe ldspar 
is  perfectly  fresh-look ing  m icrocline.
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EAST-WEST DYKES
V 130 - C elebration dyke, 1 m ile W of C elebration, 18 m iles SW of K algoorlie.
V 304 -  N orsem an dyke, shaft a t foot of J im b erlan a  Hill.
GA 1178 - sam e as V 304, collected by Dr. J .  F. Lovering -  R 255.
V 130 -  This rock  is  an anorth itic  gabbro. Texture is hypidio- 
m orphic g ranu lar calc ic  p lagioclase com prises som e 80% of the to tal volume 
of th is  rock, the rem ain ing  consisting of m inor pyroxene with accesso ry  and 
secondary m in e ra ls , and a lteration  products. The p lagioclase  i s lab rado rite  
zoned to m ore sodic m arg ins, typically  la th  shaped c ry s ta ls  4, 0 mm x 1. 0 mm, 
and is  extensively a lte red  to se r ic ite  and m arg inally  to kaolin. Probably a 
po tassic  fe ldspar (optical determ ination precluded by in tense kaolinization) 
occurs as m icrograph ic  in te r growth with quartz . The clinopyroxene ex ists  as 
ir re g u la r , a lte red  g ra ins ra re ly  twinned with well developed diallage parting  
p a ra lle l to 001. The accesso ry  m in e ra ls , apatite , epiolote and zircon a re  
included in the q u a rtz -fe ld sp ar in te r growths and p lagioclase  la ths. Opaque 
m inera l, probably titano-m agnetite  is  a lte red  to haem atite . In addition 
dendritic  haem atite  is  also p re sen t. The m ost extensively occurring  alteration  
product is  a green m a te ria l, fibrous and platy in form . Identifiable components 
of th is a lte ration  m a te ria l a re  b io tite , two am phiboles, a ch lo rite  and m uscovite.
V 304 -  is  a hypersthenite. The tex tu re  is  typical of a cum ulate 
rock , and is  an excellent exam ple of a fe rrom agnesian  r ic h  rock produced 
by differentiation of a hypabyssal body. This specim en is  composed largely  
of p lagioclase and pyroxene with m inor accesso ry  m in era ls  and alteration  
p roducts. Orthopyroxene (hypersthene) m akes up bulk of the pyroxene, 
occurring  in laths o r rounded g ra in s  up to 6. 0 m m  x 2. 0 m m . The clinopyroxene 
occurs as m ore ir re g u la r  g ra ins but appears to have c ry sta llized  sim ultaneously 
with the orthopyroxene. The p lag ioclase  is  lab rad o rite  zoned to m ore  sodic
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m argins, crystallized after the two pyroxenes and occurs in irregular in ter­
granular areas. Locally it is slightly altered to sericite and kaolin, Phlogopite 
occurs in curved laths and irregular plates up to 0. 5 mm long. Minor amphibole 
is associated with the phlogopite. Chlorite occurs in colourless aggregates. 
Apatite, magnetite and ilmenite are the only accessory minerals.
ACID FLOWS
V 219 (1 - 5). South of Mt. Monger homestead, at the NW end of Lake
Lefroy, intersection of track and woodline. All 5 samples same out­
crop.
V 220 (1 - 4). Approximately 3 miles E of V 219, or 5 miles SE of Hogan's
Find. All 4 samples same outcrop in unnamed lake. East limb of same 
anticline as V 219.
V 231 and V 232. Approximately 20 miles ESE of Widgiemooltha. Both same
outcrop Lat. 31°34', Long. 121°57\
V 268 (1). Wongi Dam, 8 miles SE of Boulder.
V 268 (2). Approx. 1 mile SW of V 268 (1), next hill.
The following is a petrographic description of the 'standard'
porphyry*.
'Subhedral phenocrysts of clear quartz and subhedral to euhedral 
feldspar phenocrysts are evenly distributed through the matrix and form 
10 - 50 per cent of the total volume. The feldspars are usually albite or oligo- 
clase; some may show intergrowth with orthoclase or microcline, or potassic 
feldspar and plagioclase may co-exist in separate phenocrysts. Quartz 
phenocrysts, if present, invariably have the slightly corroded euhedral shapes
* See also Trendall 1964, Ann. Rep. GSWA for 1963, p. 48.
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typical of acid lavas. Glomerocrysts of feldspar occur but most commonly both 
quartz and feldspar phenocrysts are single crystals 0 . 5 - 5  mm across.
Combination of biotite, muscovite, chlorite, amphibole iron oxide 
and calcite are usually present, but rarely in great volume; biotite frequently, 
and muscovite more rarely, forms vaguely pseudomorphous clusters. The 
matrix in which all the phenocrysts lie consists of an even-grained mosaic, 
mainly of quartz, usually with some potassic feldspar and plagioclase, and 
rarely entirely of feldspar. The average grain diameter of this mosaic is about 
0. 025 mm, and there is usually some sericite, biotite, or amphibole of similar 
grain size disseminated through i t . '
A central problem in the petrology of these rocks from this and 
the Pilbara area has been the distinction between intrusive and extrusive 
porphyries. Though it is probably still early for dogmatizm it appears that 
extrusive rocks are characterized by predominance of small corroded quartz 
phenocrysts and by spherulitic and allied structures of the matrix, while 
intrusive have larger and more abundant feldspar phenocrysts in an even quartz- 
feldspar mosaic of the matrix. Thus all the above samples, except V 268(2), 
are lavas. V 268 (2) is on the above grounds intrusive.
V 219. These rocks are well within the standard porphyry. A few 
quartz phenocrysts occur in a quartz-feldspar matrix. V 219(3) has a late-looking 
quartz-calcite vein. (This vein was not in the sample crushed for isotope analysis.)
V 220. These similarly are close to the ’standard’ with subhedral 
quartz and albite phenocrysts in a typically igneous matrix. Potassic feldspar 
and quartz is intersutured on a minute (5-50n)  scale. V 220(4) has a stylolitic 
crack with fine dirty material, possibly carbon, which would explain carbon 
residue detected during dissolution of samples.
V 231 and V 232. Both are similar, with more quartz than feldspar 
(albite) phenocrysts. An extremely irregular ’popply* inter growth of quartz and
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fe ld spar occurs  on a 1 -  5ju scale  in the m atrix , and th e re  is  a general s treak in ess  
assoc ia ted  with local elongate patches of co arse  quartz  m osaic. This could be a 
flow tex tu re  o r the re su lt  of superim posed shear.
V 268(1) conform s to the ’standard ’. There a re  com paratively few 
phenocrysts , a ll of them  cloudy alkali fe ldspar, in a m atrix  with d istinct 
twinned p o tass ic  fe ld spar lath 50^ long in in te rs tit ia l  quartz . T here  is  an 
unusual m ottled m ic ro -sp h e ru litic  tex tu re . The ferrom agnesian  content is  very  
low.
V 268(2) on the o ther hand has exceptionally abundant and la rge  
phenocrysts , including quartz  but m ainly fresh  albite. The m atrix  is  an equant 
homogeneous q u a rtz -fe ld sp ar m osaic of average grain  d iam eter 50 \x . This 
sam ple is  quite d ifferent from  V 268(1) and the o th ers  in th is  grouping.
KALGOORLIE MINE PORPHYRY
The following 5 sam ples have been supplied by W estern Mining
C orporation:
V 291 Edwards shaft 2500 ft level. WMC 2735
V 292 t f t t 3100 ” t t WMC 2741
V 293 t t t t 2050 ” t t ’Boulder Dyke’, WMC 2685
V 294 i t t t 2350 ” t t t t  t t WMC 2688
V 295 i t t t 3140 ” t t t t  t t WMC 2930
All the m em bers of the group have in common a high content of 
obviously secondary carbonate and m uscovite  associated  with som e degree of 
shear. The exact tex tu ra l end-product of th is a lte ra tion  is  variable; though 
whether i t  is  due to slightly  d ifferen t reaction  of o rig inally  identical m ate ria l to 
local varia tions of PTX, or to different reac tions of d ifferen t m a te ria ls  to a 
uniform  alternation  i t  is  not possib le  to say.
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V 293 is  c losest to the standard  porphyry, and is  the only one of 
the 5 rocks on which the effects of secondary a lte ra tion  can be estim ated  with 
accuracy . Clean and sharp ly  euhedral a lb ites lie  in an even q u a rtz -fe ld sp ar 
m atrix  of average grain  d iam eter about 15 n . Many sub -para lle l anastom osing 
s tr in g e rs  of s e r ic ite  tra n sec t the rock and tend to wrap round the phenocrysts 
ra th e r than cut through them . The shearing  thus seem s not to have involved 
much deform ation of the rock; it has sim ply form ed a system  of c lose p a ra lle l 
c racks. Carbonate rep lacem ent is  patchy in both m atrix  and phenocrysts .
V 291 is  s im ila r , but with no fe ldspar left in the phenocrysts (it 
is  quartz  and carbonate), a slightly c o a rse r  m atrix  and le ss  sharp ly  defined 
se r ic ite  c racks (the s e r ic ite  is  m ore pervasive).
In V 292 se r ic ite  flakes and com paratively finely patchy carbonate 
a re  evenly d istribu ted  through a q u artz -fe ld sp ar m atrix  of average grain  
d iam eter 0 .1  -  0 .05 m m , which is  so obscured by the carbonate and se r ic ite  as 
to m ake the o rig inal tex tu re  uncertain . No orig inal phenocrysts a re  identifiable 
here .
In V 294 fine-g rained  ch lo rite , carbonate and quartz  pseudom orph 
subhedral fe ld spar phenocrysts in a m atrix  of the sam e m a te ria ls  and s e r ic ite , 
tex tu ra lly  obscured beyond in te rp re ta tion .
V 295 has extensive co arse  patchy carbonate and fine d issem inated  
s e r ic i te .  Vaguely defined subangular a re a s , 0 .5  -  2 .0  mm a c ro ss , within 
which the fine q u a rtz -fe ld sp ar m atrix  seem s to constitu te a tex tu ra l entity, 
suggest that the rock  is  possib ly  a porphyry b recc ia , but the general la te  m e ta ­
som atism  is  too strong  for certain ty . All the o ther 4 rocks in th is group probably 
lay orig inally  well within the standard  porphyry type.
NORSEMAN PORPHYRY
The sam ples analysed w ere supplied by C entral N orsem an Gold 
C orporation, and all a re  diam ond d rill co res.
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V 325 - DDH PE 1 650 ft
V 326 - i t PE 6 1700 ft
V 327 - t t PE 6 1800 ft
V 328 - t t C 51 150 ft
V 329 - I t PRS 68 950 ft
This group is  very mixed and quite unlike the K algoorlie Mine 
porphyry. It may not be valid to include all sam ples on one isochron. V 325 and 
V 329 a re  the c lo ses t to the definition of an in tru sive  porphyry, V 328 is  a 
rhyolite, while V 326 and V 327 a re  contact m etam orphic rocks.
V 329 dep arts  leas t from  a standard  porphyry. It has corroded 
quartzes and subhedral (many glom erocrystic) a lb ites a ll 0. 5 -  5 mm acro ss; but 
the m atrix  in which they lie  (an ir re g u la r  m osaic of quartz  and 2 fe ldspars) has 
an average grain  d iam eter of about 0. 06 mm . In g rain  size  th is  is  approaching the 
coarsen ess  of som e of the granite  (e. g. V 272), although in com paring V 272 with 
th is rock sid e-b y -s id e  the amount of m atrix  m a te ria l in  V 329 is  much g rea te r; 
nev erth e less  th e re  is  the beginning of petrograph ic  gradation here .
In V 325 phenocrysts a re  r a r e  and sm all and the m atrix  is  com ­
para tively  co arse , with exceptionally well form ed la th -shaped  alb ites averaging 
about 0 .1  mm (but up to 0. 5 mm) long, c lose-packed with finer in te rs titia l quartz 
m osaic. It has a p a ra lle l (flow) orientation of the alb ite  laths.
The thin section of V 326 is  d iv isib le  into th ree  types of m ateria l; 
the f ir s t  (A) fo rm s an ir re g u la r  amoeboid a re a  cen tra lly  in the slide  and is  
surrounded by the o ther two (’B* and ’C’ ); ’B ’, which d iffers  from  ’C’ only in the 
possession  of b io tite  phenocrysts , occupies one end and 'C ’ the o ther, and the 
two a re  continuous and gradational through a na rro w  neck form ed by the cen tral 
a re a  of ’A '. 'A ' consists  p rincipally  of a co arse  ( 1 - 5  mm) aggregate of c lear
anhedral co rd ie rite s  packed with equant quartzes 0 .1  -  0. 05 mm a c ro ss  and
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mosaic aggregates of such grains. Scattered random flakes of muscovite and 
chlorite are  present as well as yellow rutile needles and patches with abundant 
anhedral andalusites 0.1 mm across. The edge of ’A' is sharply defined and is 
marked, apart from the abrupt compositional change, by a concentration of 
skeletal areas of fluorite about a m illimetre across. Both ’B’ and ’C’ have 
mainly an even quartz mosaic of average grain diameter about 0. 05 mm, with 
some andalusite of sim ilar size and random muscovite flakes. ’B’ has very 
striking skeletal porphyroblasts of biotite up to 3 mm across, with an unusual 
0. 01 striping due to thin regular chlorite bands. This rock cannot reasonably 
be included under the (admittedly highly flexible) term  ’porphyry’. It is a mixed 
and contaminated contact metamorphic rock of some sort.
V 327 is a laminated rock with poorly defined alternate band of 
quartz mosaic of average grain diameter about 0. 05 mm and of a variable 
mixture of pale green amphibole, chlorite, muscovite, carbonate and clino- 
zoisite. A cross-cutting vein has carbonate and prehnite. This is possibly a low- 
grade sheared basic rock or sediment; certainly no original igneous or sediment­
ary texture remains.
V 328 is a spherulitic rhyolite. It is not unlike a standard porphyry 
in all respects but the abundance of feathery quartz-feldspar radiate spherulites 
about a millimetre across in place of much of the more common matrix.
PARINGA BASALT
All samples except V 175 have been supplied by Western Mining
Corporation.
V 296 Amphibolitic PB, outlier of PB surrounded by Williamstown Dolerite,
Williamstown area. WMC 1210.
V 290 Amphibolitic PB, n /r  E. G. High School, Kalgoorlie. WMC 1208.
V 287 Amphibolitic PB, DDH SE10 1130 ft. WMC 880.
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V 288 Amphibolitic P B , DDH SE 2 1033 ft. WMC 910.
V 286 " " ” SE12 2640 ft. WMC 859.
V 175 ” ” , P aring  shaft, 9th level, 937 L/S.
V 297 C hloritic  PB , K algoorlie North End WMC 1053(b).
V 298 ” ” , C roesus a rea  -  K algoorlie. WMC 2337.
V 401 ” » , DDH SD 2 1417 ft. WMC 809
V 402 ” ” , ” SE12 1306 ft. WMC 857
V 403 ” ” , ” KE 748, 543 ft, E n terp rise  Mine WMC 33
The te rm s  am phibolitic and ch loritic  above follow the sub­
division of W estern Mining Corporation. The distinction is  on the p resence  or 
absence of am phibole as both types c a rry  ch lorite . Petrograph ic  descrip tions 
a re  given for eight of the above sam ples.
It is  difficult to know what to d escribe  in these  rocks, which 
a re  so a lte red  so as to m ake th e ir  m ineralogy of le s s  im portance than tex ture  
in in te rp re ta tio n . Noted in p a rticu la r has been the tex tu ra l re la tionsh ips of 
the opaques, since in the c o a rse r  rocks these  appear to re ta in  th e ir orig inal 
form  through m ore in tense m etasom atic reorganization  than many of the other 
components of the rock .
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The 8 cm a re a  of the thin section of V 297 appears pale, 
aphanitic and s tru c tu re le ss  ap art from  a few thin veins slightly  darker than 
the m ass  of the rock . This is  a ra th e r homogeneous aggregate of quartz , 
possib ly  a lb ite , and ch lo rite , all with a. g. d. about 5-10 ^ . Evenly sca tte red  
needles of yellow ru tile  a re  a lso  m ostly 10 long. The d a rk e r veins a re  very 
ch lo rite  -r ic h , have m ore  abundant ru tile s , and have skeleta l patches of hem atite- 
geothite. Scattered in the m a trix  a re  a re as  1-2 mm a c ro ss  of feathery , occasion­
ally spheru litic , o rien ted  in tergrow ths of quartz  and alb ite , in which th e re  is  
com paratively  little  ch lo rite . There is  little  tra c e  in th is rock  of any re lic t
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texture. A rough chlorite-rich rectangle about 1.0 x 0.5 mm suggests a 
pseudomorph after pyroxene, but in only the vaguest possible way. On this slide 
alone the name "basalt” is being stretched to its utmost.
V 298 is again pale, aphanitic and homogeneous, but there is a faint 
parallel streakiness visible macroscopically. This is barely detectable under the 
microscope. This rock has the impress of an original igneous texture. Under 
low power vaguely defined random elongate "laths" 1 - 1 . 5  mm long and about
0. 2 mm wide are defined by an absence of dark blothces which are present in 
the interstitial polygonal areas enclosed by the "laths". The "laths" are of fine 
colourless chlorite, while the interstitial areas are also mainly chlorite but 
with shapeless clots of clinozoisite about 0.1 mm across. Calcite rhombs, 
plates and clots up to 0.1 mm across are evenly and thickly scattered throughout. 
Presumably the "laths" were pyroxenes in a (?) feldspar matrix, but once again 
the name "basalt" is purely a courtesy title for this rock.
V 401 is pale green and aphanitic and is clearly brecciated with 
pale material in the veins. The veins are carbonate with very subordinate coarse 
quartz, and finer carbonate extends out from the veins to replace much of the 
rock. In the least carbonatised parts elongate pale feathery streaks, composed 
of fine quartz chlorite and sericite, lie in a matrix identical except for linear 
concentrations of fine (1 - 5 ß )  rutile(?). The texture is strongly suggestive of
a devitrifying glass.
V 402 has a strong irregular streakiness which, by the way thin 
clear veins are offset along it, is very clearly a late shearing. This impression 
is heightened under the microscope; thin irregular chlorite streaks with sphene 
separate intermediate lenticles and layers with a random finegrained aggregate 
of quartz, chlorite and albite. Carbonate replacement is general, but patchy in 
its intensity. Sericitic streaks are present, parallel with those of chlorite, but 
are more locally restricted.
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V 403 has no clear structure, but is cut by a 1 mm vein of carbonate 
with subordinate chlorite and opaque mineral. The general groundmass of the 
rock is  a close irregular mosaic of quartz and (?) albite of a. g. d. about 25 \x .
There are abundant interstitial flakes of sericite 5. 20 p long with a roughly 
parallel orientation and larger plates of bright green chlorite with striking ultra­
blue birefringence. There are scattered magnetite octahedra up to 0.1 mm across 
and also marginally leucoxenised opaque grains of doubtful shape. There is 
abundant patchy carbonate replacement.
V 286 shows clearly the impress of a uniform igneous texture. Pale 
’’laths” mainly between 0.3 and 3.0 mm long lie at random and enclose darker 
polygonal areas. The pale laths are mixtures in various proportions of nearly 
colourless chlorite and amphibole, with or without quartz and carbonate. The 
darkness (under low power) of the angular interstitial areas is due to an abundance 
of epidote and of flat leucoxene plates about 0. 05 mm long. There are a few random 
biotite flakes.
V 287 is pale and aphanitic with darker spots and blotches. The mass 
of the rock is dense and effectively isotropic with the criss-cross pattern of ghost 
laths and feathering crystallites typical of a devitrified glass. The spots and 
blotches are of two kinds: firstly there are clusters of pale spots 0.1 - 0. 5 mm 
across showing typical pyroxene cross-sections and representing bundles of 
subparallel ("frayed”) needles. They are now pseudomorphed by an aggregate of 
chlorite and quartz, often with the former as a core to a rim of the latter. Other 
irregular dark blotches up to 5 mm across are filled by finely crystalline amphibole.
V 288 is another pale homogeneous aphanitic rock. It has veins of 
carbonate and epidote. The bulk of the rock consists of a fine-grained aggregate 
of pale amphibole and epidote with subordinate quartz and chlorite and extensive 
carbonate replacement. Much of the amphibole is in fan-shaped feathery aggregates
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but la ths reach  5 mm long, D arker (epidote-rich) patches have abundant leucoxene 
p la te le ts  about 30 ß long.
P u re ly  petrographically  these eight rocks can be classified:
1. V 298, V 286: rocks whose tex tu re  is c lea rly  controlled by the orig inal
ophitic tex tu re  of the homogeneous holocrystalline  rocks.
2. V 297, V 401, V 287, V288: Rocks showing tra c e s  of tex tu res rem in iscen t
of g lass dev itrifica tion  tex tu res. V 401 is  in addition sheared.
3. V 402: Too much affected by la te  shear to have any tra c e  of its  original
igneous tex tu re .
4. V 403: Does not f it into any other category in that (a) th e re  is  no strong
shearing , and yet (b) th e re  is  no c lear indication of orig inal tex tu re , 
which is  su rp ris in g  because (c) the opaques have survived m etasom atism , 
unlike a lm ost a ll the rem ainder.
Some fu rth e r points a ris in g  a re  firs tly  that the p resence  of se r ic ite  
( = m uscovite) is  re la ted  to the R b/Sr ra tio , position on the isochron / P a rticu la rly  
for sam ple V 403 and also  V 175. Secondly by the devitrification  tex tu res  is 
m eant feathery  ro se tte  -lik e  aggregates of sm all curved c ry s ta llite s  in a homo­
geneous m atrix . Thirdly  it  is  not en tirely  convincing that a ll sam ples a re  or 
w ere b asa lt, p a rtic u la rly  V 287 has ch arac te ris tic s  of an u ltrabasic  rock.
WOOLYEENYER GROUP BASALT
These sam ples a re  diamond d rill co res from  C entral N orsem an Gold 
C orporation.
V 336 D D H C 42 509 ft
V 337 tt PRS 81 500 ft
V 338 ft C 51 200 ft
V 339 ft C 52 1400 ft
V 340 tf PE 3 300 ft
V 341 ft PE 3 600 ft
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V 336 is very clearly an altered holocrystalline basalt. Random 
subhedral laths of yellow to blue-green amphibole up to about half a millimetre 
long form three-quarters of the rock and have interstitial feldspar with a little 
quartz. Much of the feldspar is albite, but labradorite locally remains as 
cores into which there is a continuous gradation. There is an even scatter of 
unaltered opaques (including ilmenite plates about 0. 05 mm across and 
irregular magnetite octahedra about the same size) with gaps about 0. 25 mm 
between grains. They occur within and outside amphiboles.
V 337 is a similar rock but in it plagioclase is slightly more 
abundant than amphibole, and laths of andesine (?) about 0. 5 mm long interlock 
at random, with an aggregate of pale green anhedral amphibole in the interstices. 
Epidote is present in association with the amphibole and in the plagioclase. 
Leucoxene aggregates about 0. 05 across are evenly distributed and have an 
average separation about 0.3 mm. There are a few scattered magnetite grains; 
rare chloritic patches and one small biotite flake. An amphibole vein is cut
by a later vein of quartz, chlorite and epidote.
V 338 is a closely similar rock but finer still. Andesine (?) laths 
about 0. 25 mm long lie at random between anhedral pale green amphibole. 
Epidote is largely restricted to inclusions in the plagioclase. Leucoxene blebs 
about 0. 02 mm across are evenly distributed. There is a vein of carbonate 
with quartz edges and some internal amphibole.
V 399 is again similar, but is even coarser than V 336 and its 
leucocratic component is more complex. Random ragged subhedral pale green 
amphibole laths of average length 0. 5 mm form slightly more than half the 
rock. The interstices have several textural variants of plagioclase and quartz 
either separately or in micrographic intergrowth. Skeletal opaque grains up
to 0. 2 mm across are evenly distributed. A vein has talc(?) chlorite, magnetite, 
and a brown sheet silicate that could be ferristilpnomelane.
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V 340 is  petrographically  d istinct from  the four preceding rocks. 
T here  is  a general m atrix , com prising som e th re e -q u a rte rs  of the rock  of 
ir re g u la r  q u a rtz -a lb ite  m osaic with a. g. d. varying over short d istances between 
0. 2 and 0. 01 m m . Cloudy se r ic ite  obscures the g rain  boundaries in the finer 
p a r ts . Evenly d istribu ted  through this m a trix  a re  highly elongate ragged p rism s 
of co lourless  am phibole m ainly about a m illim etre  long, a rranged  at random  
together with co lourless ch lo rite , an opaque m inera l in skeleta l c lu s te rs , and
a little  epidote. Locally the "ch lo rite"  is  pale brown with a higher b irefringence, 
and it has then the sam e appearance as the possib le  ferristilphnom elane of
V 339. A vein c a r r ie s  quartz , carbonate and the uncertain  ta lc -lik e  m ineral 
of V 339. T here  is  a faint p a ra lle l s treak in ess  in the section which is  visible 
m acroscop ically  but bare ly  d istinguishable under the m icroscope as a slightly 
com positional banding.
V 341 has an obvious p lanar s treak in ess . Ninety p e r cent of the 
rock  consists  of closely  in terlocking  yellow to b lue-g reen  am phiboles with 
e laborate ly  frayed  and curved edges. The banding is  defined by bands with 
sm all am ounts of m a te ria l com prised  of a fine-g rained  aggregate of quartz , 
m uscovite and clinozoisite, much of it a lte red . One end of the slide has 
abundant bio tite. There a re  sm all p lates of ilm enite  evenly sca tte red  through­
out the rock , irre sp e c tiv e  of amphibole boundaries, and locally th e re  a re  
c o a rse r  aggregations. An in te re stin g  vein p a ra lle l to the banding has albite, 
carbonate and co lourless am phibole s tru c tu ra lly  continuous with the adjacent 
green  amphibole of the m ain body of the rock.
Two m ain points a rise : f irs tly  th is  group is  sharply  divisib le into
V 336-9, which a re  a ll c losely  s im ila r , with V 340 and V 341 the odd men out 
and d ifferent from  each o ther; and secondly the whole group is  quite d ifferent 
from  the K algoorlie rocks in paucity  of carbonate and commonly good (V 336-9) 
p re se rv a tio n  of igneous tex tu re s . N either V 340 nor V 341 seem  to be p roperly
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nam ed basic  lavas on any evidence from  the thin section.
MUNGARI SHALES
V 149 (1 -  4) and V 150 (1 -  3) w ere collected from  one outcrop 1 m ile south of 
354 m ile peg, Gt. E. Hwy.
Bedding is  not confidently d iscern ib le  in e ither V 150(1), V 150(2) o r
V 149. V 150(1) co n sists  of a ra th e r evenly g ranu lar quartz  m osaic of a. g. d.
25 p in which a re  se t subparalle l m uscovite flakes about 50 pi long; these  two 
m ajo r constituents a re  p re sen t in about equal volum es. Thin veins of coarse  
quartz  run p a ra lle l to th is  d irection  and th e re  a re  len tic les  about a m illim etre  
long with an in te rn a l tex tu re  of co arse  quartz  and dusty geothite which suggests 
the d is to rtion  of fo rm er fla t p la tes of b iotite. T here  a re  sm all sca tte red  
tou rm alines, evenly d istribu ted  ru tile  need les, and much fine carbon. V 150(2) 
is  c losely  s im ila r  but lacks the len tic les with in te rna l s tru c tu re . In it the 
m uscovite flakes a ll have a length close to 25 pi, with sharp ly  rec tangu lar outlines. 
The p a ra lle l alignm ent of the ends of such rec tang les gives in p laces an odd 
s tru c tu re  perpend icu lar to the main foliation. V 149 has a s im ila r-s iz ed  m osaic 
of quartz  and ? fe ldspar with little  o r no m uscovite. Tourm aline is  abundant and 
defines the m ain foliation a c ro ss  which a vague com positional banding could be 
bedding. R elict ?b io tites a re  p re sen t in V 150(1). The growth of m uscovite seem s 
to be reasonably  co rre la ted , on tex tu ra l grounds, with the m etam orphism .
BLACK FLAG SHALES
GA 941 - DDH SE 12, 7795 ft.
V 174 (1, 2, 4) -  DDH SE 4, 4008-4025 ft.
V 118 - DDH SE 4, 2385 ft.
GA 597 (4, 5, 6, 8) -  B reakaw ay 2 m iles E of C elebration. Collected by
M r. I. M artin.
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V 147 (1) - F rom  a shaft 2 \  m iles N 10°E from  Black Flag Homestead.
V 148 (2) -  F rom  a shaft a t Kundana tow nsite.
V 183 -  F rom  a shaft at Brown Hill townsite.
GA 941 is  a strongly folded carb o n -rich  sedim ent in which an axial 
plane cleavage is  m arked  by sm all s e r ic ite  flakes -  never abundant. M ostly it is  
e ither black with carbon o r c ryp tocrystalline , but one in te restin g  lens of c o a rse r  
m ate ria l has angular c las tic  g ra ins 0 .3  -  0 .4  mm a c ro ss . Some of these  a re  c lear 
quartz  but the rem ain d er have been rep laced  by su rp ris in g ly  co arse  random  
se r ic ite , o r m ore  ra re ly  by calcite .
Sam ples V 174 and V 118, a re  from  another DDH in the sam e a re a  
and m egascopically  a re  s im ila r  to GA 941.
GA 597 (4, 5, 6 and 8) a re  a ll c losely s im ila r to one another. They 
have a cryp tocrystalline  q u a rtz -fe ld sp ar m atrix  in which s e r ic ite  flakes lie  sub­
p a ra lle l with a c lea rly  recognisab le  bedding. Carbon and tourm aline a re  p re sen t 
throughout. (5) and (8) have the c o a rse s t m a te ria l, but i t  is  doubtful whether any 
fragm ent in the o rig inal m a te ria l reached 0. 5 mm a c ro ss . (5) has very  nicely  
developed a rcuate  L iesegang bands transec ting  the bedding, defined by goethite 
staining like the spots in (4); these  m arks in both could possibly be used  as an 
excuse for d iscard ing  them  on the grounds of su rface  w eathering, but th is would 
be a fa irly  subjective p rocedure.
V 147(1) has a c lea r  bedding to which a ll elongate tex tu ra l elem ents 
a re  p a ra lle l. Although a few c lastic  quartz  g ra ins in the finest p a rt reach  a 
d iam eter of 5^ i m ost of the m atrix  is  finer than th is  and possib ly  chalcedonic. 
T here  a re  s e r ic ite  flakes up to 20 n long, sca tte red  py rite  cubes 5 -  10 ^ a c ro ss , 
m inute ru tile  needles and finely p a rticu la te  carbon. The c o a rse r  p a r ts  have much 
p y rite , and abundant flattened  carb o n -rich  fragm ents up to a m illim etre  long. An 
in te resting  fea tu re  is  the p re sen ce  of yellow aggregates , shapeless o r som etim es
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in sm all rhom bs, of h igh -refrac tive  index and effectively iso trop ic  crypto­
c ry sta llin e  m a te ria l. It resem bles the ch lorophaeite, of lavas.
S tratification  is  unrecognisable in V 148(1). A quartz  m osaic of 
a .g . d. 5/ji has s c a tte re d  subparallel s e r ic ite  flakes and streaky  concentrates 
of fine se r ic ite . In tense brecciation is  healed by c o a rse r quartz . There is  no 
carbon here . V 148 (2) is  closely s im ila r , but m ore  intensely  b reccia ted , and 
som e of the finer p ieces have tourm aline and fine carbon.
Sample V 183 was strongly w eathered and afte r rem oval of su rface  
a lte ra tion  th e re  was no m ateria l left for a thin section.
KAPAI SLATE
V 129 (1 and 2) -  F rom  a shaft, west slope of Mt. Hunt, 7 m iles SE of
Kalgoorlie.
V 185 and V 186 -  K algoorlie, east of Mt. C harlo tte  Mine, a shaft 50 yds.
north  of road. WMC co-ord inates 1600 E, 9500 N.
V 187 - Also eas t of Mt. C harlotte, a shaft 20 yds south of road.
V 188 -  W est of Mt. C harlo tte , a shaft W illiamstown a re a  WMC co-ord inates
200 E, 8100 N.
V 129, V 186, V 187 and V 188 a re  all c losely s im ila r. They a re  
contorted and sheared  carb o n -rich  shales in which neither stra tifica tion  nor 
orig inally  deposited m a te ria l can be recognised  confidently with much continuity. 
Those finer p a rts  which a re  free  enough of carbon for m inera l recognition have 
a quartz  m osaic of a. g. d. about 5 fi with s e r ic ite  flakes, tourm aline, finely 
pa rticu la te  carbon and p y rite . V 188 is  p a rticu la rly  rich  in pyrite .
WOODLINE BEDS
V 277 (1 -  12) - E x trem e  SW end of ou tlie r (F igure 1). Photo re fe ren ce
Widgiemooltha Run 18, 5860.
V 276 (1 -  3) -  Q uartz ite  s tra tig rap h ica lly  above V277.
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Thin sections of V277 (6) and (12) were examined. Woodline silt- 
stones have angular quartz grains of a. g. d. about 25 \i evenly distributed through 
a cherty matrix of a. g. d. about 1 p . Abundant muscovite flake mainly less than 
50 p long are arranged sub-parallel to, and mark, the bedding. The larger 
ones are  bent and deformed; the sm aller flakes, ranging down to l-5pi long, 
lose their high birefringence and make grade structurally into a clay mineral.
V 277 (12) has abundant hematite and geothite, and this is taken as an index 
of its greater weathering. The quartzite (V276) is a thoroughly cemented, well 
sorted quartz sandstone of a. g . d. 0.1 mm. There are a few well rounded 
zircons tourmalines and chert grains of the same order of size. The stylolites 
have a thin coating of brown clayey or chloritic m aterial, in which, presumably, 
the little Rb present must reside.
GOLDEN MILE DOLERITE
All the following samples were collected by Western Mining Corporation.
V 299 -ChloriticGMD^ DDH SE12, 7634 ft. WMC 872.
V 300 - " " " SE 6, 3869 ft. WMC 847.
V 404 - " " " GMK 1, 245 ft. WMC 898.
V 405 - " " South Kalgurli, 17th Level. WMC 154.
V 406 - " " DDH SE12, 5189 ft. WMC 738.
V 407 - Bleached GMD, Gt. Boulder 2200 ft. level, WMC 2698.
V 408 -
V 409 -
V 116 -
" , Edwards Shaft, 8th level, WMC 2632.
" , South Kalgurli, 19th level, WMC 582.
" , Hannans North Mine WMC 1098
In the Golden Mile Dolerite the main impression is of such intense 
alteration of various kinds, in some rocks (V406) demonstrably multiple, that 
the name dolerite can only be granted as a courtesy title. In none of these rocks is 
it possible to be certain of the precise texture, grain-size, or mineral composition
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of the orig inal rock. As with the basic  lavas, the opaques seem  to have retained 
th e ir  c ry sta l fo rm s and distribution m ore than any other m in era ls , even where 
they a re  com pletely altered .
V299 has vague ir re g u la r  a reas  rich  in b righ t green patchy u ra lite , 
with subordinate ch lo rite , epidote, quartz and b io tite , which a re  gradational 
into an enclosing m a trix  of quartz , epidote, a lb ite , ca lc ite  and ch lo rite , in te r -  
c ry s ta llised  with little  d iscern ib le  c ry sta l form  or reg u la rity  of relationship .
The u ra lite  a re a s  probably have been pyroxene and the m atrix  p lagioclase, 
but th e re  is  no c lea r sign of original tex tu re . C oarsely  skeletal g rains of 
leucoxenised opaque m ineral with W idm anstattent p a tte rn s  a re  evenly distributed.
V300 has no u ra lite . It consists m ainly of quartz , alb ite , epidote 
and ch lo rite  with a tex tu re  suggesting that the o rig inal rock  had a m osaic of 
p lag ioclase laths about a m illim etre  long with little  pyroxene. Abundant opaque 
grains a re  s im ila r  in shape and distribution  to those of V 299, but many have 
unaltered  co res , o r num erous evenly d istributed  unaltered  spots within the 
leucoxene.
V404 is  a granophyre, with sca tte red  sau ssu ritised  (albite, se r ic ite , 
ch lo rite , carbonate) euhedral plagioclase laths about a m illim etre  long serving 
as nuclei for enclosing rad ia te  shells of a m icrographic  in tergrow th of quartz 
and (?potassic) fe lsp ar. Outside and between these  shells  is  an aggregate of 
ra th e r  c o a rse r  ch lo rite , se r ic ite , m agnetite octahedra, carbonate and c lear 
rounded quartzes.
Off the m icroscope V405 appears to have a d o le rite -lik e  tex ture , 
with a m esh of pale laths in a continuous fram ew ork of d a rk e r m a te ria l, all 
with an a. g. d. of 1-3 mm. Under the m icroscope the p a le r a re a s  a re  revealed  
as fine-g rained  aggregates of quartz , alb ite and se r ic ite ; the albite in some 
shows optical continuity over the whole a re a  of a (presum ably) re lic t p lagioclase. 
The darker patches in th is  rock consist of a fine carbonate m osaic often rim m ed 
by chlorite .
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V406 has a "nodular” look, with pale rounded spots a few m illim etres  
a c ro ss  c lose-packed  in ch loritic  sheaths which "flow" a c ro ss  the rock  to define 
a p lanar s tru c tu re . The pale spots have an even m osaic of stum py albite laths 
full of included ch lo rite  flakes, with som e in te rs titia l quartz , carbonate and 
se r ic ite . The sheathing ch lo ritic  m eshwork consists  variably  of ch lo rite , biotite 
and carbonate. All th ese  m inera ls  show a c lear p lanar shape orientation a t a 
high angle to the trend  of the m eshw ork itse lf. It is  doubtful if the nodular 
s tru c tu re  is  orig inal to the d o le rite , in which case  a t le a s t two stages of s tre s s  
a re  recorded  h ere  -  the ch lo ritic  m eshw ork defining the nodules and the la te r 
s tre s s  a c ro ss  th is d irection . What the original rock was like, and whether it 
was hydrotherm ally  a lte red  before the nodular s tru c tu re , is  s till an open 
question.
V407, 408, and 116 do not m erit sep ara te  descrip tions. All have 
abundant carbonate pervasively  and irreg u la rly  sca tte red  throughout patchy a reas  
of quartz  m osaic with m ore o r le s s  fe lsp ar, ch lorite  and se r ic ite . The g ra in -s ize  
and abundance of opaques v a rie s  from  co arse , evenly d istribu ted  and abundant 
mixed leucoxene and unaltered  opaque (e. g. in V116) to v irtually  none.
In all 10 rocks it is  c lea r that proxim ity to the isochron is  closely 
re la ted  to the s e r ic ite  content: the co a rse r  and m ore abundant the se r ic ite  
the c lo se r the rock  lie s . I t seem s a safe assum ption that it is  the la te s t m eta - 
som atic event which is  being dated here .
BLUEBIRD GABBRO
V 335 - DDH C42, 509 ft.
This is  an a lte red  gabbro in which co arse  u ra lite  aggregates may be 
assum ed to re p re se n t o rig inal pyroxenes and the in te rs titia l alb ite is  la rgely  in 
the s tru c tu ra l position of its  p a ren t lab radorite , which locally  is  s till p resen t, 
in places with o sc illa to ry  zoning. Epidote and opaques a re  also  p re sen t, and it is
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noteworthy that carbonate is confined to veins, and does not spread through 
the rock like a disease, as is usual at Kalgoorlie.
PENNESHAW ACIDIC SCHISTS
These samples are diamond drill cores from Central Norseman 
Gold Corporation.
V 330 - DDH PE 3, 2250 ft.
V 331 - ” PE 1, 1300 ft.
V 332 - " PE 3, 2300 ft.
V 333 - " PE 1, 1400 ft.
V 334 - ” PE 3, 2100 ft.
These rocks are  purely metamorphic with quartz,feldspar, 
muscovite and usually biotite, none has any clear sign of parent texture. V331 
seems unique in having abundant muscovite and no biotite.
GOLD MINERALIZATION SAMPLES
Kalgoorlie
All the following samples were supplied by Western Mining
Corporation.
V 410 - Perseverence 821 ft level, Lode ”829” , Au and Te ore. WMC 2925.
V 411 - Perseverence 222 ft. level, Prior Cross Lode, Te ore WMC 3406.
V 412 - New North Boulder 620 ft level, Ley Lode, abundant ”green leader",
WMC 3027.
V 413 - Hamilton 2870 ft. level, Hamilton No. 3 Lode, free Au ore. WMC 2766.
V 414 - Perseverence 623 ft. level, Ophir Cross Lode. WMC 3408.
V 415 - Mt. Charlotte 500 ft. level, Mt. Charlotte ore body, Au - quartz ore.
WMC 3228.
A - 27.
V 416 - Golden P ike 265 ft. level, Golden Pike orebody A u-quartz o re . WMC
2381.
V 283 -  P e r  sev e r ence 3 rd  level, Lake View Lode West Branch. S eric itic  wall
rock a lte ra tio n . WMC 2821.
V 284 -  P e rse v e re n c e  3 rd  level, ” L20M Lode, Sheared se ric itized , m in e ra l­
ized and bleached GMD. T elluride o re . WMC 2822.
V 285 - P e rse v e re n c e  6th level, West wall of El Oro Lode. S eric itic  wall
rock  with free  gold WMC 2921.
All the K algoorlie m ineralization  sam ples a re  strongly sheared  
aggregates of q u artz , carbonate, se r ic ite , fe lsp ar (mainly albite) ch lorite  and 
opaques which include leucoxene, m agnetite and p y rite . The f i r s t  two of these 
m inera ls  together m ake up the bulk of the rocks. Although they a re  described  
as sheared  on the b a s is  of a s trong  p re fe rre d  orientation of the se r ic ite  and 
also  on the general s tru c tu ra l rela tionsh ip  of the m ain m in e ra ls , ne ither the 
quartz  nor the carbonate shows im portan t c a tac las is , and it may be assum ed that 
the s tre s s  was im posed under conditions w here these  m in era ls  could easily  be 
re c ry s ta llise d . V410, in p a rtic u la r , shows la rg e  qu artzes , which, although 
s tra in ed , have c lea rly , from  th e ir  zoning, grown continuously over a  long period. 
T here  is  little  c lea r indication of the nature  of the paren t rock. V 413 and V415 
both have (the quartz  p a r t of) m icrographic  tex tu re , and the p resen ce  and d is ­
tribution of leucoxene in V416 also  suggests that do le rite  was the paren t. As 
with the Golden M ile D olerite  it  seem s to be the s e r ic ite  h e re  which is  being 
dated.
Smithfield
V 141 - This is  a b io tite  coexisting with quartz  in the A u-quartz m ineralization
in the Smithfield g ran ite  a t the Kamowna station  hom estead.
A - 28.
Spargoville
V 281 - is a muscovite from a 6” vein cutting the Au bearing porphyry.
Norseman
Samples V323, V324, V342 and V343 supplied by Central Norseman 
Gold Corporation.
V 322 - Sericitic lode material from (?)Mararoa reef. This is sample 224M
analysed by Riley (1961), was supplied by Mr. I. Martin.
V 323 - Sericite material from along lamination in the quartz. 22/49 stope,
4940N, 550W.
V 342 - Sericitic quartz from the 16th level, 6100N. Stope rise at R. N. 366 ft.
V 324 - Biotitized greenstone in N. W. of Crown shear. 22/5750 stope rise.
V 343 - Biotitic quartz from 19th level, south drive at 5740N.
V 351 - Biotitic wall rock alteration. Regent shaft 1661 stope.
Of the Norseman rocks, V322 and V342 consist almost entirely 
(at least 95%) of a coarse strained quartz mosaic. In addition, V322 has a 
little carbonate, and sericite in veins, while V342 has sericite with some chlorite, 
also in veins which give a brecciated appearance to the rock.
The wall-rock alteration rocks have in common a mineral com­
position of abundant red-brown biotite, a little pale green amphibole, quartz, 
sericite, chlorite, carbonate, opaques and a ’’mineral" of uncertain identity. This 
last is a colourless material of high R. I. which under crossed nicols has a patchy 
metamict appearance but generally low birefringence. It gives no conoscopic 
figure and may be a cryptocrystalline mixture of colourless chlorite or clino- 
goirite with felspar - but this is pure guesswork. The opaques are abundant and 
evenly distributed. In V324 pyrite is abundant and there are spectacular skeleta
A - 29.
after octahedra. In V351 there is a directional texture, and in general it is 
clear in these rocks that the biotite, in particular, has crystallised after move­
ment as part of an equilibrium assemblage.
MISCELLANEOUS SAMPLES
V 267 (1 and 8) - This is a book of muscovite 5" x 3" x J ” from the Londonderry
pegmatite. (1) is from the edge of the book, (8) is from the middle.
G 13 - is a sample of the Kurrawang conglomerate at 362 mile peg Gt. E. Hwy. 
Collected by Mr. I. Martin.
GA 1461 - Pk. Charles granite. B. M. R. sample 151/1/1 Lat. 32°50\ Long. 
121°  12 ’ .
GA 1080 - Granite at 91. 7 miles east of Norseman Eyre Hwy. B. M. R. sample 
151/3/2. Lat. 32°10’, Long. 123°16\
GA 940 - This biotitic rock is from the waste dump of the White Hope Mine, 
south of Kalgoorlie.
G 8 - Bali gneiss, 8 miles west of Coolgardie. Collected by Mr. I. Martin.
G 24 - is a pegmatite vein cutting the Gnarlbine granite G22. Collected by 
Mr. I. Martin.
F 164 - Emu rocks porphyry, 20 miles southeast of Coolgardie. Collected by 
Mr. I. Martin.
V 264 - Arkosic quartzite, 2 miles south of 354 mile peg, Gt. E. Hwy.
V 102 - Volcanic agglomerate. DDH 7, 4490 ft. a WMC sample.
V 289 - Devon Consols Basalt, Kalgoorlie North End WMC 1043.
V 207 - is a porphyry breccia, approx. 4 miles south of 360 mile peg, Gt. E.
Hwy.
GA 939 - Lode material, Federal Mine 302, a WMC sample.
B - 1
APPENDIX B
ADDITIONAL TABLES AND CALCULATIONS
TABLE B - 1
This is a calculation of variance and coefficient of variation for the 
85 87Rb /Rb ratio as measured on each of the two side filaments in the Rb run. 
TABLE B - 2
The variance and coefficient of variation is calculated for the
instrumental errors only in the unspiked Sr run. The instrumental error is
lower for the Nuclide than for the MS - 2 SG machine. Headings on this table
are: first ratio, this is the first set of comparisons for Sr88/Sr88; second 
87 86ratio is the Sr /Sr ratio; and third ratio is the end set of comparisons for 
Sr88/Sr88. A comparison of the first set of Sr88/Sr88 ratios with the last 
gives a measure of mass fractionation for the two isotopes during the run.
TABLE B - 3
This is a listing of the regression parameters, prepared from the 
input cards for programmes 734 and 735. This is given for convenience of 
any subsequent testing for significant differences between isochrons. The 
numbers in these tables are consecutively: intercept (A), standard error of A 
(SE of A), gradient B, standard error of B (SE of B), number of points (N) 
of the regression.
TABLE B - 4
Listed here is the raw mass spectrometric data for all runs for 
possible recalculation to different constants. The columns of this table are as 
follows:
87 85 87RB-87 - This is Rb in micromols/gram, calculated using Rb /Rb =
2.6000.
86 8486/84 - is the first Sr /Sr ratio.
88 8688/86 - is Sr /Sr , second ratio measured.
B - 2
87/86 
86/84 
SPK -
87 86is Sr /S r third ratio measured, 
is the last Sr^/Sr**4 measured.
86is the spike concentration in micromols/gram of Sr for the double 
Sr86, 84 tracer.
W - is weight of spike in grams 
M - is sample spiked in grams 
US 7/6 
US8/6
87 86- is the Sr /Sr ratio measured in the unspiked run.
88 86- is the mean Sr /S r measured in the unspiked run.
The constants used in the calculations have been given in Chapter I,
8 8 86and Appendix C. To recalculate spiked Sr runs for Sr /S r = 8*375, the spike
ratio for Sr^/Sr**4 becomes 10. 572. sp
The abbreviations used for samples are: TR - total-rock, KF -
potash-feldspar, PL - plagioclase, BT- biotite, MU- muscovite, PH - phlogopite,
PX - pyroxene, CL-calcite, When an analysis has been done in replicate, the
first is called A, second B etc. For some of the shales (Mungari, Black Flag,
87 86Woodline, and Kapai) Rb and Sr has been determined by X-ray fluorescence, 
and this is given in the tables of Chapter IV.
}LE P-1 MEASURE OF 
FILAMENTS I
MASS FRACTIONATION BETWEEN 
N THE RUBIDIUM RUN.
THF TWO
RR85/RB8 7 VAR COEFF OF R B 8 5 / R B 8 7 VAR COFFF OF
5 F - 1 S F - 2 *  1OE-6 VARIATI ON S F - 1 S F - 2 *  1 OE-6 VARIATI ON
2 430 . 2 4 4 2 . 7 2 0 . 3 4 8 3 2 8 . 6 0 0 3 . 5 9 7 6 3 . 6 4 5 . 3 1 8 7 5 5
2 6 1 6 . 2 6 1 2 . 0 8 0 . 1 0 8 2 0 3 . 6 0 5 0 . 6 0 5 2 . 0 2 0 . 0 2 3 3 7 1
2 6 4 6 . 2 6 4 1 . 125 . 1 3 3 7 4 4 . 6 0 3 9 . 6 0 4 9 • 500 . 1 1 6 9 9 3
. 2 6 9 6 . 2 6 9 3 . 0 4 5 . 0 7 8 7 2 7 . 6 0 6 7 . 6 0 6 3 . 0 8 0 . 0 4 6 6 3 5
. 2 819 . 2 8 2 0 . 0 0 5 . 0 2 5 0 7 9 . 6 0 9 5 . 6 1 0 8 . 8 4 5 . 1 5 0 6 5 7
. 3 0 5 1 . 3 0 3 8 . 8 4 5 . 3 0 1 9 3 4 . 6 1 1 9 . 6 1 0 3 1 . 2 8 0 . 1 8 5 1 3 6
. 3 1 4 6 . 3 1 4 0 . 180 . 1 3 4 9 8 6 . 6 1 4 4 . 6 1 2 5 1 . 8 0 5 . 2 1 9 0 0 7
. 3 2 6 0 . 3 2 6 1 . 0 0 5 . 0 2 1 6 8 7 . 6 1 6 8 . 6 1 8 2 . 9 8 0 . 1 6 0 3 1 5
. 3371 . 3 3 7 1 0 . 0 0 0 0 . 0 0 0 0 0 0 . 6 1 8 3 . 6 1 5 7 3 . 3 8 0 . 2 9 7 9 7 0
. 3 4 3 1 . 3 4 4 3 . 7 2 0 . 2 4 6 8 8 0 . 6 2 3 2 . 6 2 3 4 . 0 2 0 . 0 2 2 6 8 9
. 3 8 4 3 . 3 8 4 3 0 . 0 0 0 0 . 0 0 0 0 0 0 . 6 2 4 4 . 6 2 3 9 . 1 2 5 . 0 5 6 6 4 5
. 4 0 0 7 . 4 0 0 3 . 0 8 0 . 0 7 0 6 2 2 . 6 3 0 2 . 6 2 7 6 3 . 3 8 0 . 2 9 2 3 3 2
. 4 0 2 6 . 4 0 4 1 1 . 1 2 5 . 2 6 2 9 6 2 . 6 3 0 6 . 6 2 9 9 . 2 4 5 . 0 7 8 5 3 6
. 4 3 8 1 . 4 3 8 2 . 0 0 5 . 0 1 6 1 3 8 . 6 3 6 6 • 6371 . 1 2 5 . 0 5 5 5 1 5
. 4 4 1 6 . 4 4 1 9 . 0 4 5 . 0 4 8 0 2 0 . 6 4 8 6 . 6 4 6 9 1 . 4 4 5 . 1 8 5 5 7 8
. 4 4 8 8 . 4 4 8 7 . 0 0 5 . 0 1 5 7 5 7 . 6 5 1 1 . 6 5 3 3 2 . 4 2 0 . 2 3 8 5 2 1
. 4 6 2 2 . 4 6 1 8 . 0 8 0 . 0 6 1 2 2 1 . 6 5 3 5 . 6 5 3 3 . 0 2 0 . 0 2 1 6 4 3
. 4 6 9 5 . 4 7 0 0 . 1 2 5 . 0 7 5 2 6 4 . 6 5 5 5 . 6 5 3 9 1 . 2 8 0 . 1 7 2 8 0 7
. 4 6 2 7 . 4 6 2 1 . 1 8 0 . 0 9 1 7 5 2 . 6 6 0 3 . 6 6 0 3 0 . 0 0 0 0 . 0 0 0 0 0 0
. 4 6 7 7 . 4 6 6 9 . 3 2 0 . 1 2 1 0 5 4 . 6 6 0 7 . 6 6 0 1 . 180 . 0 6 4 2 4 3
. 4 6 9 8 . 4 7 0 4 . 1 8 0 . 0 9 0 2 4 9 . 6 6 0 7 . 6 6 1  1 • 0 8 0 . 0 4 2 7 9 6
. 4 7 5 5 . 4 7 5 7 . 0 2 0 . 0 2 9 7 3 5 . 6 6 7 0 . 6 6 5 4 3 . 1 2 5 . 2 6 5 1 7 1
. 4 7 7 2 . 4 7 7 1 . 0 0 5 . 0 1 4 8 1 9 . 6 6 8 3 . 6 7 0 6 2 . 6 4 5 . 2 4 2 9 3 7
.  4 9 6 5 . 4 9 3 2 5 . 4 4 5 . 4 7 1 5 4 7 . 6 6 9 0 . 6 6 0 0 0 . 0 0 0 0 . 0 0 0 0 0 0
. 5 1 1 3 . 5 1 0 6 . 2 4 5 . 0 9 6 8 7 3 . 6 7 4 1 . 6 7 1 3 3 . 9 2 0 . 2 9 4 3 2 1
. 5 1 4 2 . 5 1 4 0 . 0 2 0 . 0 2 7 5 0 8 . 6 7 6 8 . 6 7 9 0 2 . 4 2 0 . 2 2 9 4 7 8
. 5228 . 5 2 2 5 . 0 4 5 . 0 4 0 5 8 7 . 6 7 7 0 . 6 7 5 0 2 . 0 0 0 . 2 0 9 2 0 3
• 5271 . 5 2 4 7 2 . 8 8 0 . 3 2 2 6 9 5 . 6 7 8 5 . 6 7 8 2 • 045 . 0 3 1 2 7 1
. 5288 . 5 3 3 1 9 . 2 4 5 . 5 7 2 6 6 3 . 6 8 1 8 . 6 8 0 6 . 7 2 0 . 1 2 4 5 6 3
. 5355 . 5 3 7 9 2 . 8 8 0 . 3 1 6 2 0 2 . 6 8 8 6 . 6 8 7 4 . 7 2 0 . 1 2 3 3 3 2
. 5371 . 5 3 7 9 . 3 2 0 . 1 0 5 2 4 3 . 6 8 9 0 . 6 8 6 7 2 . 6 4 5 . 2 3 6 4 3 8
. 5393 . 5 3 9 7 . 0 8 0 . 0 5 2 4 2 6 . 6 9 6 4 . 6 9 5 1 . 8 4 5 . 1 3 2 1 2 2
• 5468 . 5 4 6 1 . 2 4 5 . 0 9 0 5 8 0 . 7 0 1 4 . 7 0 4 6 5 . 1 2 0 . 3 2 1 8 6 9
. 5 49 7 . 5501 . 0 8 0 . 0 5 1 4 3 5 . 7 0 7 1 • 7 063 . 3 2 0 . 0 8 0 0 4 6
. 5 517 . 5 5 1 6 . 0 0 5 . 0 1 2 8 1 8 . 7 2 0 2 . 7 1 9 1 . 6 0 5 . 1 0 8 0 8 2
.  5 6 1 4 . 5 6 2 0 . 1 8 0 . 0 7 5 5 3 2 . 7 2 5 6 . 7 2 5 9 . 0 4 5 . 0 2 9 2 2 9
. 5 6 4 7 . 5 6 5 7 . 5 0 0 . 1 2 5 1 0 7 . 7 3 2 9 . 7 3 4 8 1 . 8 0 5 . 1 8 3 0 7 5
.  5 660 . 5 6 8 3 2 . 6 4 5 . 2 8 6 7 5 7 . 7 4 2 3 • 7 41 5 . 3 2 0 . 0 7 6 2 4 8
. 5 6 7 8 . 5 6 8 2 . 0 8 0 . 0 4 9 7 9 6 . 7 4 8 0 . 7 4 5 9 2 . 2 0 5 . 1 9 8 7 9 8
. 5 7 5 4 . 5 7 5 1 . 0 4 5 . 0 3 6 8 7 6 . 7 7 7 3 . 7 7 7 5 . 0 2 0 . 0 1 8 1 9 1
.  5791 . 5 7 6 6 3 . 1 2 5 . 3 0 5 9 2 1 . 8 3 3 8 . 8 3 1 2 3 . 3 8 0 . 2 2 0 8 3 8
. 5 8 3 9 . 5 8 3 7 . 0 2 0 . 0 2 4 2 2 4 . 9 1 4 9 . 9 1 4 6 . 0 4 * . 0 7 3 1 9 0
.  5 85 4 . 5 8 3 9 1 . 1 2 5 . 1 8 1 4 1 7 . 9 7 4 8 . 9 7 6 8 2 . 0 0 0 . 1 4 4 9 2 8
l¥ 5 9 5 7 . 5 9 5 6 . 0 0 5 . 0 1 1 8 7 1 1 . 0 8 5 9 1 . 0 8 5 6 . 0 4 5 . 0 1 9 5 3 7
'. 5975 . 5 9 8 7 . 7 2 0 . 1 4 1 8 7 0 1 . 1 0 1 0 1 . 0 9 9 7 . 8 4 5 . 0 8 3 5 4 0
.. 6022 . 6 0 2 4 . 0 2 0 . 0 2 3 4 8 0 TOTALS 9 2 . 5 4 5 1 1 . 8 6 7 1 8 0
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APPENDIX C.
COMPUTER PROGRAMMES
I enclose some of the more significant programmes developed in 
the course of this study. These are in Fortran IID, for use on the IBM 1620 
computer. Programme MS-0250, however, is in Fortran IV for use on the 
CDC 3600 computer, this has been written by Mr. G. A. McIntyre, only minor 
modifications have been introduced by the writer. Programme details below, 
are  followed by listings together with examples of input and output.
PROGRAMME 609A.
This programme is for calculation of Rb-Sr age. The following 
constants have to be supplied on the first input card:
85Rb Rb85 c 88Sr c 88 Sr Q 87Sr c 86 Sr 86Sr
. 8 7 Rbsa Rb87sp
c 86 Sr sa
o 86Sr sp
Q 86Srsp
c 84 Srsp
o 84 Srsa
2.6000 0.1763 8.340 .1309 .05675 10.521 17.4000
The values are as used in this study. The spike ratios apply to
86 84the current solutions : RbS and Sr ’
ö
Several types of calculation are possible, these together with 
arrangement of input cards are as follows:
(a) Calculation of Rb and Sr runs and age.
Rb header card
Rb data cards for side filaments 1 and 2. Ratios start and end on 
mass 85.
Sr header card
Sr data cards for ratios 86/84, 88/86, 87/86, 86/84. Each lot starts
85and ends with mass 86. Two counts on Rb are taken at the 
beginning and end of the 87/86 lot. (e. g. 85, 85, 86, 87, 86 . . .  
86, 85, 85)
Coloured blank card - to mark end of calculation.
C - 2
(b) Un spiked Sr run
Sr (unspiked) header card
Sr data cards for ratios 88/86, 87/86, 88/86. Each lot starts and
85ends with mass 86. Rb counts as at (a) above.
Coloured blank card.
(c) Rb run alone
Same as (a) with blank card at end of data.
(d) Sr (spiked) alone
Same as (a) with blank card at end of data. This type of calculation
87should be done as first problem. Otherwise Rb value from 
a previous calculation is used to give an age.
(e) Sr (spiked) without the 87/86 ratio
Input cards same as in (a) or (d), but insert 7 (or any number) in 
column 68. Data cards are now for 86/84, 88/86, 86/84. 
Occasionally it is advantageous to m easure Sr ratios in this order 
86/84, 87/86, 88/86, 86/84. In this case the cards should be rearranged thus: 
last 86/84, 88/86, 87/86, f irs t 86/84.
The header card information is to be as follows:
Rb header card 
Sample details 
Run number 
Zero static 
Leave blank 
Spike concentration 
Weight of spike 
Weight of sample spiked 
Sr (spiked) header card 
As for Rb 
Zero dynamic 
Tail under 84 (as %)
columns 1-20 inclusive 
" 21-26 "
" 27-29 "
" 30-44 "
" 45-50 "
" 51-57 "
" 58-66 "
" 1-29 "
" 30-32 "
" 33-36 "
C - 3
Tail under 87 (as %)
"  "  88 ”
As for Rb
If no 87/86 en ter 7 in 
Also if ta il nil -  leave blank
Sr (unspiked) header card  
As for spiked Sr 
Tail under 87 (as %)
"  "  86 "
columns 37-40 inclusive 
” 41-44 ”
” 45-66 ”
”  68
1-32
33-36
37-40
R est of card  blank.
Static or dynam ic zero  can be positive o r negative but m ust 
never be equal to zero . Also i t  is  p e rm issib le  to w rite  com m ents in f i r s t  26 
colum ns of the ’’coloured blank card ” , th is will appear in the output.
The p rogram m e operates as follows:
(1) F rom  the header card  decision  is  made as to type of run: Rb, Sr or
unspiked Sr.
(2) Reads in peak height num bers, counts them , th e re fo re  num ber of ra tio s
is  (N -l)/2 . Any num ber of ra tio s  may be taken.
(3) C alculates the ra tio s , e. g. in the Rb runs peak heights a re  85, 87, 85,
87 . . . .  85. Subtracts zero  from  all. Adds f ir s t  85 to next and divides 
by the 87 in between. The ra tio s  of 2 x (85/87) a re  p rin ted  out. Cal­
culates the m ean and SD of the mean. R ejects any ra tio  with absolute 
deviation > 1 .5  SD of the mean. R ecalculates new m ean, deviations, 
SD of m ean, and re jec tio n  p ro cess  is  repeated . Rem aining ra tio s  a re
averaged and new SD of m ean calculated. The re jec ted  ra tio s  a re
87prin ted  out. M olar concentration of Rb is  calculated using equation 
shown in C hapter I.
(4) The Sr calculation is  s im ila r  to above, but th e re  is  a com plication with the
C -  4
8587/86 ra tio . The num bers for th is ra tio  including the Rb counts a re
sto red . The la s t 86/84 is  calculated and the Rb facto r is  worked out.
85 87It then re tu rn s  to the 87/86 data. C onverts Rb cts. to Rb cts;
87in te rp o la tes  the Rb cts. between the s ta r t  and end values according 
to the num ber of readings on m ass  87, and su b trac ts  the appropria te  
counts from  each 87 peak. Ratios 87/86 a re  then calculated as above.
(5) The calculation from  now is  purely  a lgebraic  as p e r equations in Chapter I.
(6) At the end of the calculation the following sum m ary cards a re  punched.
Rb Sum m ary ca rd . (No. 1 - 1  appears in column 80). Sample num ber,
8 5 8 7  87Rb /R b , SD of th is , e r ro r  m agnification, Rb in m ic ro -m o ls /g ram ,
spike concentration, weight of spike, m inera l spiked.
Sr Sum m ary c a rd s . (Nos. 2 and 3) 86/84, 88/86, 87/86, 86/84 ra tio s ,
spike cone. , weight of spike, m ineral spiked. Continued on card  No. 3:
86SD for ra tio s  86/84, 88/86, 87/86, 86/84, e r ro r  m agnification, Sr
87 86in m ic ro -m o ls /g ram , and Rb /S r  .
Sr (unspiked) Summ ary card . (No. 4) Mean of the m easured  88/86,
87 86its  SD, m easured  87/86, its  SD , and norm alized  Sr /S r 
PROGRAMME 605.
This is  the le a s t squares sim ple re g re ss io n  assum ing no e r ro r
in X. Input consists  of a title  card  (80 colum ns), data cards (one for each
point), and a blank card  to m ark  end. Data cards contain X (columns 1 -  10),
Y (columns 11-17). C ards a re  read  in end counted; degrees of freedom  (DF)
a re  (N-2), N being num ber of points. Student’s ” t” is  calculated for the above
degrees of freedom  a t the 95% confidence level. The fitting of the line is
according to the following equations:
_ 2 2 _ 2
SXX = 2  (x. -  x ) = S  x. -  n x
l  l
C - 5
SYY = S (y. -  y ) 2 = 2  y2 + n y 2
SXY = S (x. - x ) (y. - y ) = S xy + n x y
B = B 1 = SXY/SXX, regressing y on x, and 
B 2 = SYY/SXY, regressing x on y
Only the slope given by the regression of y on x is used in the subsequent 
calculation.
Intercept (A) = y - B x
Mean Square (MS) = S (y - Y ) 2 /  DF
Standard e rro rs are:
_ o I I
SE of A = {MS [ l /n +  x /SXX] f  ; SE of B = { MS/SKX } 2
Age is calculated using X  = 1.39 x 10 11 /  yr. The bounds quoted with age 
and initial ratio are the 95% confidence limits calculated from the standard 
errors.
PROGRAMME 734.
This programme tests for significant differences, at the 5% 
level, between isochrons. The method is as given in Chapter II. Two success­
ive data cards are compared at a time. Each card has to contain the following 
information:
Title of isochron Columns 1 - 4 0
Intercept ” 41 - 48
SE of intercept ” 49 - 56
Slope of line " 57 - 66
SE of slope " 67 - 76
Number of points regressed " 77 - 80
Student's "t" is calculated fo r  P= .05 for the appropriate DF, and decision 
is made as to what is or is not distinct at the 5% level.
C - 6
PROGRAMME 735.
This is  for pooling of isochrons. Input c a rd s  as for P rogram m e 
734, but proceeded by a header card  giving the num ber of cards to be read , 
i. e. num ber of isochrons to be pooled. Calculation follows the method given 
in C hapter II. The pooled age end initial ra tio  is  quoted with the 95% confidence 
lim its . For convenience th is p rogram m e has been designed to pool both 
in te rcep ts  and g rad ien ts, it  is  to be appreciated that when in te rcep ts  a re  
d istinctly  d ifferen t th e ir pooling is  invalid.
PROGRAMME 658.
This p rog ram  has been used for the calculation of Table 5,
87 86to estab lish  the variance  of the ’’calculated” Sr /S r  ra tio , by com parison 
with the d irec tly  m easured  ra tio  given by an unspiked run. The variance for 
the la tte r  being known. The ’’calculated” ra tio  is  system atically  higher than 
the ’’m easu red” . This b ias (0.19%) was elim inated using a tr ia l  value, which 
will give the c o rre c t b ias but wrong variance. The data a re  th e re fo re  re ru n  
with th is  tru e  b ias and the c o rre c t variance is  now given.
PROGRAMME MS - 0250.
This is  the ’’tw o -e rro r  reg ress io n ” p rogram m e for the calculation 
of isochron age and in itia l ra tio . On the f ir s t  header card  variance estim ates 
for X and Y a re  supplied as p e r  example:
CONX VAR(Y) VAR(Y)
SpK US
25.51 1.73 0.22
—6 2The variance in X is  25. 51 x 10 x X , and the variance  in Y is  e ither 1. 73 x 10 
-"6or 0. 22 x 10 , re sp ec tiv e ly  applying to Y calculated from  a spiked Sr run, o r
Y d irec tly  m easured  by the unspiked Sr run. The input card s  fo r a reg re ss io n
are:
C - 7
(1) Title card, all 80 columns
(2) Data cards, one for each analysis
(3) Blank card to mark end.
On each data card enter :
X columns 1 - 10  inclusive 
Y " 11 - 17 ”
ND column 19; enter 1 for a singlicate, enter 2 for the first of a 
duplicate and 0 or 1 for the second card 
IND column 20; enter 1 if Y ’’directly measured” or 0 if 
"calculated”.
Sampl e No. etc. - rest of card, but this is not read.
Data cards should be arranged in increasing values of X. This is not
mandatory but will facilitate the inspection of results. However, first and last
cards should be those of extreme points, as the join of these gives an approximate
slope for the iterative solution of the cubic equation. This cycle calculation is
done for B not varying by 10 The weighted residual sum of squares FU is
calculated and leads to the residual mean square (MSWD) FU/(N-2), where N is
the number of observations not counting duplicates. The calculation then proceeds
to the estimation of standard errors for B and A. Values of A, B, FU, MSWD,
SE(A), SE(B) are printed out. Age and initial ratio are given with the 95%
confidence limits. This stage is completed by printing out X, Y, Estimate of Y,
Difference, S. E. of the Difference, and the ratio Diff. /S. E.
If the MSWD < 1 the calculation stops at this stage as all error can
be accounted for by the experimental limits, which have been defined by the
variances for X and Y given on the header card.
When MSWD exceeds unity the calculation is repeated in the first
instance twice. In stage 2, the excess residual variance above the experimental
2
is distributed proportionally to X by a cycle calculation which increases VAR(Y)
C -  8
till MSWD is  c lose to unity. In stage 3, the excess residual variance is  d is ­
tribu ted  independently of X. The p rin t out follows the f i r s t  stage, but in addition 
includes the slope of | Diff/SE | on X. This can be positive or negative. If 
th is  slope is  positive for both stage 2 and 3 p rogram m e recom m ends stage 2 
calculation (i. e. Model 2) as the m ost appropria te . S im ilarly  negative slopes 
favour Model 3 re su lt.
If slope of I Diff/SE | on X is  negative for Model 2, and positive for 
Model 3, the calculation proceeds to a fourth stage. The excess residual 
variance is  now d istribu ted  both proportionally  and independently of X, so as to 
m ake the | Diff/SE | fre e  of trend  with X. This cycle calculation is  done fo r the 
slope < . 0001. The MSWD is  sim ultaneously ite ra ted  to 1.
An anomalous situation a r is e s  when Model 2 is  positive and Model 3 
is  negative as such a d istribution  is  theore tically  im possible. In p rac tice  th is  
is  ex trem ely  r a re .  A line cannot be fitted  to the given points by this method, 
and th is is  rep o rted  by the p rin t out following stage 3.
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APPENDIX D.
I enclose drafts of two papers of which I am joint author. These are:
(1) The Radiometric Age of the Albany Granite and the Stirling Range Beds -
Southwest Australia, by A. Turek and N. Stephenson; submitted to the 
Journal of the Geological Society of Australia.
(2) The Statistical Assessment of Rb-Sr Isochrons, by G. A. McIntyre, C.
Brooks, W. Compston, and A. Turek; submitted to the Journal of Geo­
physical Research.
THE RADIOMETRIC AGE OF THE ALBANY GRANITE AND THE STIRLING RANGE
BEDS - SOUTHWEST AUSTRALIA.
A. Turek* * and N. Stephenson
* D epartm ent of Geophysics and G eochem istry , A ustralian  National U niversity.
** D epartm ent of Geology, U niversity  of W estern A ustralia .
THE RADIOMETRIC AGE OF THE ALBANY GRANITE AND THE STIRLING
RANGE BEDS - SOUTHWEST AUSTRALIA.
ABSTRACT
The reported age of 1100 ± 50 m.y. for the Albany 
Granite is taken as marking the waning stages of the main 
orogeny in the south coast of Western Australia. The 
high initial °'Sr/ Sr for this granite, 0.7118 ± 0.0064, 
suggests an anatectic or rheomorphic origin which is con­
sistent with petrographic evidence for the absence of a 
later metamorphism. Shales from the Stirling Range Beds 
indicate a metamorphic event at 1150 ± 40 m.y. which is 
considered to be the time of upthrusting of rocks of 
higher metamorphic grade to their present position ad­
jacent to the Stirling Range Beds. The minimum age of 
deposition for the Stirling Range Beds is postulated as 
1340 m.y.
2.
INTRODUCTION
General geological descriptions of the Albany-Stirling 
Range area have been given by WooInough (1920), Clarke et al. 
(1954), Wilson (1958) and Sofoulis (1958 a,b). A more 
detailed study of the granites and gneisses of the area by 
one of us (N.S.) will be reported elsewhere.
The dominant rocks of the south coast of Western 
Australia are Precambrian gneisses, probably representing 
recrystallized material deposited in a geosyncline trending 
broadly parallel to the present coastline* These gneisses 
are intensely folded on axes with a general easterly trend, 
in contrast to the north north westerly trend of older 
Precambrian rocks which form the greater part of the Western 
Australian shield* Associated with these gneisses are many 
plutons of coarse porphyroblastic granite, in area of the 
order of 50 square miles (130 km. ) believed to be the result 
of granitization of the gneisses by reconstitution and meta­
somatism (Clarke et al.* 1954). The gneissosity of the 
granites is generally concordant with, and probably represents 
a remnant of the gneissosity of the country rocks. The con­
tacts of some of these plutons are gradational, suggesting 
granitization in place, but sharp intrusive contacts resulting 
from mobilization are not uncommon. This Precambrian complex 
is intruded by a few dolerite dykes.
3 .
About 40 miles (65 km.) north of Albany, metasediments 
of low to moderate metamorphic grade, including ortho quartzites, 
slates, phyllites, and schists, form a range of hills - the 
Stirling Range - 50 miles (SO km.) long and up to 10 miles 
(l6 km.) wide, rising sharply to about 2,700 ft (S20 m.) 
above the surrounding plain. These metasediments will be 
referred to as the "Stirling Range Beds" in this paper in 
preference to the name "Stirling-Barren Series" used by 
Sofoulis (1950b) on account of:
(a) historical precedent, (Maitland, 1915, P* S5 );
(b) the fact that therd is no physical link between 
the Stirling Range and the Mount Barren outcrops, 
and the alternate usage presupposes a correla­
tion which might not be supported by age deter­
minations now being carried out.
Current bedding and ripple marks in the metasediments suggest 
a shallow water environment of deposition. The general strike 
is easterly, but varies between northeast and southeast. 
Approximately southerly dips predominate. Metamorphism 
occurred during a period of folding and thrusting from the 
south prior to intrusion by dolerite dykes.
4«
The Stirling Range Beds are physically situated above 
a gneiss-granite complex, but it is not known whether this 
should be related to the older Precambrian shield rocks or 
the younger Precambrian south coast complex. The nature of 
the contact is obscure owing to poor exposure, but Sofoulis 
(195Ö a, b) has recognised a faulted erosion unconformity 
dipping flatly south. Also due to poor exposure the relation­
ship between the Stirling Range Beds and the younger Pre­
cambrian south coast complex exposed nearby to the south of 
the Stirling Range is uncertain, but the low-grade metasedi­
ments do not appear to have been intruded by granite (Clarke 
et al.. 1954)*
The radiometric work to be described in this paper 
represents an attempt to clarify the stratigraphic relation­
ship between the Stirling Range Beds and the younger Pre­
cambrian gneiss complex. In so doing we report an age deter­
mination for the Albany Granite, using the total-rock Rb-Sr 
method, which provides a better estimate for the age of the 
younger Precambrian gneiss-granite complex than previous 
estimates which are based on mineral analyses.
Analytical techniques followed the routine methods 
in this laboratory, as recently described by Compston et al. 
(1965)* Results have been assessed by the isochron method 
(Nicolaysen, 1961) which displays the effectively linear
5relationship between & 7 S r / ^ S r and ^^Rb/ Sr for oogenetic 
and coeval samples* Isochrons have been fitted to the 
experimental points by a least squares method devised by 
McIntyre et al* (1966), which reveals the presence of any 
geological effect in the regression exceeding the known 
experimental error* The uncertainties quoted with the age
önand the initial 'Sr/ Sr ratio of the samples are the 95% 
confidence limits, allowing for both experimental and 
"geological" error.
THE ALBANY GRANITE
Total-rock and microcline samples of three specimens 
were analysed from this body. Details of their location and 
petrography are given in Figure 1, and the appendix. One 
(Specimen 44ÖÖ7) is fairly typical of the granite, the other 
two being somewhat more altered. All show evidence of grani- 
tization and Specimen 44ÖÖÖ in particular appears to be the 
less granitized parent from which the closely associated 
Specimen 44Ö90 was derived. The absence of metamorphism 
since the formation of the granite is suggested by the follow­
ing observations:
(i) Quartz generally shows little or no strain.
6(ii) Microcline and recrystallized plagio- 
clase, the youngest of the primary 
minerals, are almost invariably un­
altered .
(iii) Sericitization of plagioclase and
chloritization of biotite are more 
prevalent in less reconstituted 
material, suggesting that these pro­
cesses represent intermediate phases 
during the homogenization of the older 
parent which produced the granite.
The experimental results (Table) are plotted in Figure
2. The age obtained is 1094 ^  54 m.y. with an initial
^Sr/^Sr ratio of 0.711Ö i O.OO64. Statistical evaluation
of this isochron indicates that a geological effect, such
Ö7 ,06as non-uniform values for initial Sr/ Sr or leakage of
radiogenic strontium from the microclines must exist because
the scatter of the six points is slightly greater than can
be attributed to experimental variance. Similar evaluation
of the three total-rock points only continues to indicate
the presence of a geological effect, and in view of the
petrographic evidence for the absence of a later metamorphism,
we suspect that this must be due to slightly different
Ö7 ,06initial Sr/ Sr ratios for the specimens at the time of 
crystallization.
7.
Much of the gneiss of the south coast of the State 
belongs to the granulite metamorphic facies, but the 
granites and nearby gneisses belong to the almandine- 
amphibolite facies, suggesting that the granitization 
occurred after the intense phase of metamorphism. We 
therefore regard the age of the Albany Granite as mark­
ing a younger limit to the age of the main metamorphic 
event. The latter has not been reliably dated. It may 
be as old as 1390 m.y., as given by a chemical U-Pb age 
measurement on allanite from pegmatitic schlieren in 
charnockites from Doubtful Island Bay (Prider, 1954), but 
the reliability of this method is suspect. Biotite from 
the same area gave an age 970 m.y. (Wilson et al.. I960) 
but this must be regarded as a minimum value for the true 
age.
West of Albany at Mullalyup, muscovite from a trans­
gressive pegmatite gave a Rb-Sr age of 1100 m.y. (Wilson 
et al., I960), and on present knowledge this represents a 
reliable determination for the age of the pegmatite. The 
same authors report slightly older ages of 1280 m.y. (Rb-Sr) 
and 1240 m.y. (K-Ar) for biotite from pegmatite transgressing 
the charnockites of the Frazer Ranges, which again must be 
regarded as a reliable minimum age. Comparison with the 
above radiometric evidence from adjacent areas thus suggests 
that the younger Precambrian gneisses of the Albany region
8.
may have formed (as gneisses) as early as 1300 m.y. ago, 
and suffered a detectable younger granitization at 
approximately 1100 m.y. The high initial ^Sr/^Sr 0f the 
Albany Granite is quite consistent with the anatectic or 
granitization origin.
THE STIRLING RANGE BEDS
Five very similar specimens of shale, all collected 
from the eastern slope of Toolbrunup, were analysed as total- 
rock samples. Petrographic details are given in the Appendix 
and the analytical data in the Table. Although these speci- 
ments are representative of the least recrystallized material 
available in the Stirling Range, it is evident that they have 
been subjected to a very low grade of metamorphism, with 
Specimen 53385 being least affected.
The five shale samples when plotted on an isochron
(Figure 3) give an apparent age of 1188 £ 125 m.y. with an
87 ,86initial Sr/ Sr ratio of 0.792 ±- 0.062. However, the 
regression line has a very large residual variance, and by 
excluding Sample 53885 (the least metamorphosed specimen) 
the residual variance of the regression through the remaining 
points is very much lower. The fit about the latter is to 
within experimental error, which strongly suggests that this 
regression should be regarded as an isochron dating a
9 .
g e o l o g i c a l  e v e n t .  The i n d i c a t e d  age f o r  t h i s  e v e n t  i s
37 36
1150 40 m . y . ,  and t h e  i n i t i a l  S r /  Sr  i s  0 . 3 l 6  ±  0 . 0 1 7 .
t h a n  e v e n  t h a t  o f  p r e s e n t - d a y  s e a - w a t e r  s t r o n t i u m  (Compston 
and P id g e o n ,  1962, Faure  e t  a l . .  1 9 6 5 ) ,  showing t h a t  t h e  
m i n e r a l  components o f  t h e  s h a l e s  were n o t  i n  e q u i l i b r i u m  
w i t h  s e a - w a t e r  s t r o n t i u m  a t  t h e  t im e  o f  t h e  d a t e d  e v e n t .
The h i g h  v a lu e  i s  most s im p ly  i n t e r p r e t e d  a s  t h e  r e s u l t  
o f  i n t e r n a l  h o m o g e n iz a t io n  o f  t h e  s h a l e s  d u r i n g  metamorphism 
which  o c c u r r e d  s i g n i f i c a n t l y  l a t e r  t h a n  t h e i r  d e p o s i t i o n .
We t h e r e f o r e  c o n s i d e r  t h a t  t h e  i n d i c a t e d  age  o f  1150 m .y.  
r e f e r s  t o  a p e r i o d  o f  metamorphism. The d a t a  f o r  t h e  l e a s t -  
a l t e r e d  spec im en  53&35, which d id  n o t  p a r t i c i p a t e  o r  a t  
l e a s t  r e a c h  e q u i l i b r i u m  d u r i n g  t h e  p ro p o s e d  m etam orphic
e v e n t ,  g i v e  an e s t i m a t e  f o r  th e  age o f  d e p o s i t i o n .  E x p e r i e n c e
87 36w ith  s h a l e s  e l s e w h e r e  s u g g e s t s  t h a t  t r u e  v a l u e s  f o r  ' S r /  Sr 
i n  s h a l e s  r a r e l y  e x ce ed  0 . 7 2 .  Combining t h i s  w i t h  t h e  
a n a l y t i c a l  r e s u l t s  f o r  Specimen 53035, we o b t a i n  1340 m.y.  
as  a minimum ag e  of  d e p o s i t i o n .  I f  t h e  sp ec im en  has  p a r t i a l l y  
r e sp o n d ed  t o  t h e  1100 m .y .  metamorphism, t h e n  t h e  t r u e  age 
o f  d e p o s i t i o n  w i l l  be g r e a t e r .
The v a lu e  f o r  i n i t i a l v e r y  much g r e a t e r
10.
CONCLUSIONS
We consider the Albany Granite, intruded at 1100 m.y. 
to represent the waning stage of the orogeny. Moreover we 
suggest an anatectic or rheomorphic origin.
In the case of the Stirling Range Beds the isochron 
age of 1150 ^  40 m.y. is a metamorphic one, on account of 
the high initial ratio and the petrographic evidence, and 
the age of deposition is probably greater than 1340 m.y.
But as has been noted the degree of metamorphism of the 
shales is low, and we are faced with the problem of having 
in close proximity low-grade rocks and younger high-grade 
metamorphics and granites that were obviously emplaced 
under plutonic conditions. Wilson (195&) has postulated 
the existence of large faults close to the Stirling Range, 
and structures seen in the Stirling Range Beds indicate 
that metamorphism occurred during thrusting from the south. 
Therefore the most likely explanation is that these two 
contrasting suites were brought into juxtaposition by 
upthrusting of the high-grade rocks occurring south of the 
Stirling Range. Such movements are most likely to be 
marginal dislocations related to the geosyncline.
11.
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APPENDIX - PETROGRAPHY.
The Albany Granite,
Fairly typical of this granite is Specimen 44ÖÖ7,
collected near the Upper King Bridge, over King River.
It is coarse-grained adamellite with microcline porphyro-
blasts up to 0 x 6 x 3  cm., but normally half this size.
The ground mass is hypidiomorphic granular with the mafic
minerals concentrated in clotted aggregates averaging
5-10 mm. in diameter. Approximate modal composition is
microcline 40%, plagioclase 30%, quartz 15%, hornblende 7%,
biotite 5%, accessories 3%« Anhedral perthitic microcline,
Carlsbad and cross-hatched twinned, corrodes and encloses
all other minerals. Two types of plagioclase occur in
subhedral to anhedral grains of up to 10 mm. in diameter.
The earlier type is moderately altered andesine An - An ,35 40
occasionally zoned. During granitization this andesine
partially recrystallized to form unaltered oligoclase -
andesine. normally zoned between the limits An - An .27 35
This recrystallized plagioclase is usually elongate parallel 
to 010 in sections normal to a, whereas the earlier plagio­
clase is equidimensional. Grain margins adjacent to micro­
cline are generally myrmekitic. Quartz occurs as slightly 
strained anhedral grains, with minor dusty inclusions, 
occasionally sagenitic. Hornblende in grains of up to 4 mm. 
in length occurs in the mafic aggregates, while biotite is
14.
not restricted to these aggregates. Accessories are 
magnetite, apatite, zircon, allanite, pyrite, rutile, 
fluorite, calcite, and chlorite.
Specimen 44890 from the Halifax Street Quarry,
Albany townsite, is a coarse-grained granite rendered 
faintly gneissic by the orientation of tabular micro- 
cline porphyroblasts ( 3 x 2 x 1  cm.). The ground mass 
is allotriomorphic granular, finer grained than Specimen 
44887. Approximate modal composition is microcline 1+2%, 
quartz 30%, plagioclase 20%, hornblende 3%, biotite 3%, 
and accessories 2%. It is mineralogically similar to 
Specimen 44887, except that the plagioclase is altered 
preventing determination of composition; also biotite 
and hornblende show stronger alteration to chlorite, and 
secondary epidote is an additional accessory.
Specimen 44888 also from the Halifax Street Quarry 
is a massive adamellite. Rare porphyroblasts of micro­
cline (10 mm.) are set in a granoblastic groundmass of 
plagioclase 35%, microcline 30%, quartz 30%, biotite 7%, 
hornblende 3%. The plagioclase is intensely altered to 
sericite, with minor epidote, chlorite and calcite.
Microcline is relatively unaltered, showing cross-hatched 
twinning, rarely perthitic, and enclosing minor quantities 
of plagioclase, quartz and biotite. Quartz has regular 
extinction. Biotite and hornblende occur as irregular grains,
15.
and are slightly chloritized, and associated with epidote. 
Accessories are magnetite, apatite, zircon, and allanite.
Shale from the Stirling Range«
These are dark grey, very fine-grained, blocky to 
poorly foliated and faintly to non-banded. Specimens 
53036 and 53338 show evidence of slight shearing on one 
surface.
The dominant constituent minerals are very fine 
fibrous sericite, quartz, and disseminated specks of opaque 
material varying in shape from ragged to euhedral with 
cubic and octahedral forms. Much of this opaque material 
is iron ore, but there may be some carbonaceous material.
An incipient development of secondary foliation in the more 
metamorphosed specimens (53336, 53337, 53338 (1 and 2)) is 
indicated by platy streaks and lenses of pleochroic 
yellowish-green chlorite. This foliation is oblique to the 
bedding as defined by occasional thin bands up to 3 mm. in 
thickness of sub-angular (more rarely sub-rounded) silt- and 
sand-sized clastic quartz grains in a matrix of fine 
sericite, chlorite, and opaque material. The margins of 
these quartz grains are usually sharp, but many are vague, 
being penetrated by flakes of sericite and chlorite indicat­
ing slight recrystallization. Only rare flakes of biotite 
were noted. Accessory minerals include subhedral tourmaline, 
and minor amounts of detrital zircon, hematite, (?) garnet,
16«
and rare needle-like inclusions of apatite in the quartz« 
Shear zones are characterized by strong development of 
chlorite and coarser flakes of sericite.
Table
Sample
No.
Type Rb
p.p.m.
Sr
p.p.m. 8?Rb/86Sr 87Sr/ 86
44890 Total-rock 215.3 252.7 2.461 .7479
Microcline 408.0 394.9 2.988 .7586
44888 Total-rock 300.5 132.7 6.585 .8164
Microcline 523.8 213.7 7.127 .8177
44887 Total-rock 310.9 79.0 11.53 .8904
Microcline 553.5 107.8 15.11 .9417
53885 Total-rock 208.0 29.5 21.14 1.1225
53886 Total-rock 234.9 27.3 26.02 1.2314
53888 Total-rock 296.6 19.6 47.57 1.5828
(2)
53888 Total-rock 299.4 18.3 51.02 1.6418
(1)
53887 Total-rock 299.0 33.0 20.86 1.1553
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THE STATISTICAL ASSESSMENT OF Rb-Sr ISOCHRONS
G.A. McIntyre*, C. Brooks ¥ ¥ ¥W. Compston and A. Turek
Division of Mathematical Statistics, Commonwealth Scientific and Industrial 
Research Organization, Canberra.
Department of Geophysics and Geochemistry, Australian National University 
Canberra.
THE STATISTICAL ASSESSMENT OF Rb -Sr ISOCHRONS
ABSTRACT
87 86The variance in isotope-dilution measurements of Rb /S r in
87 86 2geological samples is  shown to be proportional in general to  (Rb /S r ) ,
so that simple regression methods for estimating Rb-Sr isochrons are not fo r m a lly
valid. A new regression method which allows for known experimental e rro r in 
87 86 87 86both Sr /S r and Rb /S r  , and which weights the data to allow for the 
„ 87 , 86non-uniform Rb /S r variance is given. The method is iUustrated with the
data for the Heemskirk granite, Western Tasmania. Analysis of the data shows
that although the simple method gives quite accurate estimates of the isochron
param eters, it tends to underestimate the uncertainty in the age and over-
87 86estimate that in the initial Sr /S r . The analysis further examines models
with geological variation over and above the experimental variation. Alternative
87 86models considered are geological variation independent of Rb /S r or 
87 86 2proportional to (Rb /S r ) , o r a  compromise between these.
INTRODUCTION
Experimental data in Rb-Sr geochronology are commonly presented
87 86by the ’’isochron” method, in which measurements of Sr /S r for a suite of
cogenetic mineral or rock samples are plotted against measurements of their 
87 86Rb /Sr . If the suite of samples possessed a common initial value for 
87 86
Sr /S r at formation, and if no subsequent rearrangement of their rubidium 
and strontium contents has taken place, then such a plot will reveal a linear 
relation between the ratios. All points will fit a single straight line to within 
experimental precision, the line being termed an isochron.
87 87The isochron is generated through the ß -decay of Rb to Sr , 
which produces the relation:
C 87/C 86 /a 87/O 86V . * t „ .8 7 /o 86Sr /S r = (Sr /S r ) + (e - 1) Rb /S r
2.
87 86for the cogenetic and coeval samples. In this expression, (Sr /Sr )
87 86 87 ^denotes the initial value for Sr /Sr , X the decay-constant of Rb , and
t the age. The slope of the isochron is (e  ^  ^ - 1) and the intercept on the
87 86 87 86Sr /Sr axis gives an estimate of initial Sr /Sr common to all samples.
A central problem in Rb-Sr geochronology is the selection of
samples which will fit the isochron model. For example, the minerals of a
87 86single specimen of igneous rock are likely to have a common initial Sr /Sr , 
but separate whole-rock samples even of the same igneous body may not, 
because the latter may be locally contaminated by older rocks during emplace­
ment. Petrographic criteria can be applied to examine the likelihood that the 
samples have remained chemically closed, but these have proved unreliable 
particularly for minerals. The decision must be made in fact after the samples 
have been analyzed, from an assessment of the scatter of the data about a 
fitted straight line. Thus, a statistical model is needed to fit the straight line, 
to provide an objective method of assessing the deviations of points, and to
objectively answer questions about two or more suites of samples whose ages 
87 86or initial Sr /Sr may be almost equal.
Isochrons are usually estimated by regression methods with one
of the co-ordinates assumed in the treatment to be "without error". The
inadequacies of this model have been mentioned by Murthy and Compston (1965)
who pointed out that the experimental errors in each co-ordinate are often
87 86comparable, and that the variance of Rb /Sr increases with the magnitude 
87 86of Rb /Sr . Although it was not known if these difficulties led to serious 
errors in estimating isochron parameters, there is no doubt that such a simple 
treatment is formally invalid.
In this paper, we present a least-squares regression method
developed by one of us (G. A. Mcl.) which overcomes both difficulties, in that it
incorporates prior estimates of the experimental errors for both co-ordinates,
87 86and makes allowance for the non-uniform variance in Rb /Sr . Thus
3 .
objective ways of detecting departures from the isochron model in any
particular group of samples and of estimating confidence intervals for their 
87 . 86age and initial Sr /S r are available. The method will be illustrated by 
comparing conclusions based on the simple and the new treatments for the 
total-rock data of the Heemskirk Granite, Western Tasmania, which were 
recently reported by Brooks and Compston (1965).
EXPERIMENTAL PROCEDURES AND PRECISION
Sampling fluctuations. Whole-rock specimens such as those from the Heemskirk
granite are typically composed of 30% orthoclase, 30% plagioclase and 5% biotite,
which jointly account for almost all the Rb and Sr in the rock. The remaining
major rock mineral is quartz, which acts simply as a dilutant for the Rb- and
87 . 86 87 , 86Sr-bearing minerals. Values for Rb /S r and Sr /S r are  respectively
of the order 35 and 0. 9 for orthoclase, 5 and 0.75 for plagioclase, and 800 and 5
for biotite, and because of this wide range it is essential to finely crush and
mix the whole-rock specimen to avoid sampling e rro rs. Such erro rs produce
87 86 87 86a positive correlation between Rb /S r and Sr /S r between aliquots.
The data for whole-rock specimens discussed here were determined
on aliquots from 10 gm samples crushed to pass mesh size 120 B. S. in a mixer
mill. Sampling e rro rs between these aliquots are believed to be negligible
compared with other types of error.
87E rrors of estimate of Rb . In the isotope-dilution technique the concentration 
87of Rb is related to the experimentally measured quantities in the following way:
g
where n denotes the required molar concentration of Rb in the sample;
S q i j  g r j
H the (fixed) Rb concentration of a Rb -enriched tracer solution; W the i t
4 .
measured weight of the tracer solution added to the measured weight M of
85 87sample; and the term s R refer to the isotopic ratios, Rb /Rb , of the
mixture (R^), tracer (R^), and sample (Rg). The 95% confidence limits for these
quantities are  approximately 0.2% for long-term variations in p -  0.1% for
W and M, and -0.6%  for R , with the term s R^  and R assigned constant values t  m t s
for all samples. They are directly reflected as the same percentage error
in u in the cases of \jl , W, and M, but are somewhat magnified for errors g t  t
in R through a multiplier whose size depends on the values for R , R and m m t
Rg. For most samples this multiplier is close to its minimum value of 1.2 
but rarely it r ises to 2.0. In practice the total e rro r in p is undoubtedly 
increased by other effects such as the failure of the tracer W to completely 
mix with the sample M.
87The coefficient of variation in Rb estimated from replicate 
data in this laboratory is of the'order of 0.4 over the range 50 to 2000 ppm 
total Rb.
86E rrors of estimate of Sr The same considerations linking concentration
and the experimentally measured quantities apply in isotopic-dilution deter-
86 87minations of Sr as for Rb E rrors in W, and M are sim ilar to thoseV  " t87 w 88 86in the determination of Rb but e rro r in R ^  (now Sr /S r ) is lower at about
0.1%, because variable mass-discrimination in Sr isotopic analysis is controlled
86 84through the use of a mixed Sr , Sr tracer. On the other hand the error
86magnification multiplier for Sr has a higher average value which may be as
86great as 5.0 for samples of low Sr content.
Over a range of 8 to 360 ppm common Sr replicate data gave 
a coefficient of variation of 0.7.
87 86 87 86E rrors of estimate of Sr /S r . The ratio Sr /S r may be directly 
measured on a separate aliquot of the sample (the ’’unspiked” value), or 
calculated from the Sr isotopic ratios of the mixture of sample and tracer.
5 .
The variance (including sam pling e rro rs )  fo r the unspiked m easurem ents in th is
—6
laborato ry  has been estim ated  as 0. 22 x 10 (53 d .f .)  for observations over the
range 0.70 to 1 .12. This variance is  expected to be uniform  from  assessm en t of
87 86
the m easurem ent m ethod. The variance of the calculated Sr /S r  is  also 
expected to  be uniform  fo r determ inations in which the optimum ra tio  of sam ple
to tra c e r  in the isotope-dilution m ixture has been approxim ately m aintained.
87 86 —(
An estim ate  of variance fo r calculated Sr /S r  in th is  laborato ry  is  1. 73 x 10
(73 d .f .)  and uniform ity of variance over the range 0 .72  to 2 .8  is  substantiated.
87 86
F or la rg e r  values of Sr /S r  , the variance estim ated from
duplicate analyses is  much g rea te r than th is estim ate . Some of th is  in c rease ,
but not a ll, can be a ttribu ted  to Sr contam ination and m inera l sam pling e r ro r s ,
and is  p a rticu la rly  assoc ia ted  with analyses of co arse -g ra in ed  bio tite . We
87 86suspect that i t  may a r is e  in a t le a s t som e cases from  variation in Sr /S r
between the b io tite  g ra in s , i. e. variation in concentration of radiogenic Sr
which has a risen  from  diffusive lo sses  since c rysta lliza tion . In the p resen t
87 86trea tm en t, we consider Sr /S r  data only within the range 0. 7 to 2. 8, above 
which the experim ental variance  probably in c rease s  system atically , perhaps
87 86as (Sr /S r  )
86 87 86Contamination in the estim ate  of Sr and Sr /S r  . Contamination by Sr
86during chem ical p rocessing  seriously  d istu rbs the replication of Sr and 
87 86
Sr /S r  for sam ples with very low Sr concentration. Such contamination
87 86 87 86generates values for Rb /S r  and Sr /S r  which lie  on a line on an isochron-
87 86diagram  joining the tru e  values for the sam ple with the Sr /S r  of the
87 86contam inating Sr a t zero  Rb /S r  , This w ill be so, provided that the
87 86
Sr /S r  is  calculated  from  the sam e m ix ture  of sam ple and tra c e r  used to
determ ine Sr 86 Contamination by Sr thus produces a  positive correla tion
between Sr®7/S r 86 and Rb87/S r 86. This co rre la tion  becom es detectable a t
87 86 86high values of Rb /S r  when the high values re su lt from  reduced Sr ra th e r
than from  in creased  Rb , and we tentatively p lace the level fo r th is laboratory
6 .
a t 5 n  gms sam ple Sr p e r dissolution. In the case of the H eem skirk granite
87 86
we detect th is  co rre la tion  when Rb /S r  exceeds about 300. Unless special
precautions a re  taken, sam ples below th is  lim it should not be included in the
87
reg ress io n . Contamination by Rb during chem ical p rocessing  and m ass 
sp ec trom etric  m easurem ents is  negligible re la tiv e  to the amount of Rb in the 
sam ples.
The fea tu re  of the m easurem ent operations which_ 87 /0 86V ariance in Rb /S r
concerns the s ta tis tic a l model is  the production of approxim ately the sam e
for(total) fractional e r r o r s  reg a rd le ss  of the value of \x itse lf . Thus values 
87 86 v s s
for Rb /S r  a re  expected to show a constant fractional e r ro r  over a wide
range, with the exception of extrem ely low and high values which a re  subject
to additional sources of e r ro r  (principally reagen t contam ination), and hence
87 86 2the variance is  expected to be proportional to (Rb /S r  ) . This is  dem onstrated
below.
Duplicate sam ples of crushed rock  w ere assayed for both
isotopes and the ra tio  was determ ined for each sam ple. An estim ate  of variance
2 ,
between duplicates with one degree of freedom  was given by (Dup - Dup ) /  2
and an estim ate  (S. E .) of the standard deviation is  the square  root of th is . A
plot of standard  e r ro r  against the mean ra tio  of the duplicates was well fitted-
by a stra igh t line through the origin o r the variance by a parabola  through the
87 86 2orig in , i. e. variance  = C x (Rb /S r  ) . The constant C was determ ined by
leas t squares weighting the observations inversely  proportional to the variance
of the variance which, for a norm al d istribution , is  proportional to the variance
87 86 4squared, i. e. to (Rb /S r  ) .
in C,
FN
The weighted sum of squares to be m inim ized w as, for variation
S  (variance. -  C (Kb87/S r 86) .2 )2 /  (Rb87/S r 86) .4.
1 1 1
7 .
This led by differentiation to 
N 87 86 2
C = E  (variance. /  (Rb /S r  ). ) /  N 
i= l 1 1
w here N is  the num ber of rock  specim ens.
An example of the calculation based on 34 rock specim ens
m ostly g ran ites is  given in Table 1. Evidence that the weighting was
appropria te  is  given by the absence of any definite trend  of the absolute value
87 86of (Obs. -  E s t .) /  S. E. re la tiv e  to Rb /S r  .
S. E ^  = K (R b ^ /S r86)^2 where K is  estim ated  as [ F N / (N -l) ]*  .
ESTIMATION OF THE CONSTANTS IN THE LINEAR RELATION BETWEEN
87 . 86 87 . 86
Sr /S r  AND Rb /S r  .
2The expression to be m inim ized is  FU = £  W.(Y. -  A -  BX.)
87 86 87 g i - *
w here Y^, a re  the m eans of Sr /S r  and of Rb /S r  0 over ND^ rep lica te  
assays from  a rock specim en.
p 0*7 Q
W. = 1 /  (VAR Y. + B VAR X^)t VAR Y  ^ is  the re p lic a te  variance  of Sr /S r  ,
2
according to the method of estim ation, divided by NDi and VAR XJ = C X. /  ND^.
A and B a re  the p a ram e te rs  to be determ ined.
The norm al equations a re
(1) S W . ( Y . - A - B X . )  = 0
and (2) E  W. (Y. -  A -  BX.) X. + B E VAR X. W.2 (Y. -  A -  B X .)2 = 0
F rom  (1) A = ( E  W. Y. -  B E  W. X.) /  E  W. .
Substituting into (2) gives a cubic equation in B
B3 (S2 E V . / R 2 + S V . X . 2 -  2 S E V . X . / R )  + 2 B2 (S E  V .Y ./R  + T E  V .X ./R
-  E V.X.Y. - S T E V . / R 2 )
i l l  l '
8+ B ( S V .  Y. 2 + T 2 S  V ./R 2 -  2 T S V .  Y ./R  -  2  W.X.2 + T2/R) + (2 W.X.Y. -  ST/R) 
w here R = 2  W.9 S = 2  W. X. , T = 2  W. Y. and V. = W.2 VAR X.
l  l i  l i i i  l
This equation may be solved ite ra tiv e ly  commencing with an approxi­
m ate estim ate  of B from  the join of the extrem e sam ples. The value of A is  given 
by substitution in (1).
Designating the cubic in B as
9 FB
a X.
FB = C, B3 + 4 C3 ß2 + C B + C , thenZ X
8 F B  = 3 C B2 + 2C_ B + C ;4
a b
o A
su 2  V.X. 1 1
R
S . o , 2  V.Y.' l l
R
( — i  W. + V. X. -  V  R 2  ! 1 1 W. -  — V. j + 2 B ( R
T
W. + — V. 
1 R 1
TU
-  V Y -  —  W i i 0 2 i R
+ 2 Bf —  W. -  W. X.  ^ +
R 1 1 ») *  ( W Y -  —  W i i „  i R
9 FB S 2  V.X. SU TU T
------  = 2 B  ( —  V. + -----—  W. -V .X . W. ) + 2 'B fV .Y . +—  W. -  —  V.
3 1  '  R 1 R 1 1 1 R2 V  V 1 1 R2 1 R 1
S  V. Y. 
1 1
Wi Xi - -  Wi
XV
w here U = 2 W , VAR X .
l  l
9.
To the f i r s t  o rd er of d ifferences
9 FB N 9 FB N
A V V
9 FB
A B - - 2j A A. -  2i A Y ,
9 Y.l9 B i=l 9 X.l 1 i=l
so that,
9 FB \  N /  9 FB \  N / 9 F B
aBZ = 2  ( ---- ) VAR Xi + S  { ----------- ) VAR Y. ,
9 B i= l 9 X i-1  9 Y
V
_ N . 9 F B  
2
i= l 9 X
9 FB
VARX. + 2l
Z ____ \  9 FB
(T7>aryi 17 (—) *
Sim ilarly ,
S .
A A = 2
9 FB
i
9 FB
R . 9 FB 9 B
)
9 YBW . . W.
A X. + 2  (  —  +  —~ -
H ' 1 ( K H . f f -
A Y , ,
so that,
9 FB
9 X B W. S 8^  2
9 FB 
9 B
, W. "  9Y. 
VAR X + 2  ( - l +
R RT¥
VAR Y.
To date i t  has been assum ed that m easurem ent sources of 
variation which a re  m ainly responsib le fo r the variation between rep licates  from  
the sam e rock specim en a re  the sole cause of departu re  of the observed values 
from  a stra igh t line. A te s t  of goodness of fit is  available because the expectation 
of FU, the weighted sum  of squares of residuals  using the values of A, B 
determ ined from  the solution to the norm al equations, has an expectation of N-2. 
In vi ew of the sam pling e r ro r  of the estim ates VAR Y and VAR X, the fo rm er 
based on 53 o r 73 d. f. and the la tte r  on 34 d. f . , i t  would be on the conservative
10 .
side to te s t the mean square  of weighted deviates (MSWD), i. e. FU /N -2, as 
an F varia te  with N -2, 34 d. f.
87 86
Geological variation  in Sr /S r  . In our experience so fa r  with oogenetic
gran ite  sam ples, the F values have covered a wide range from  significantly
g rea te r than 1 to le ss  than 1. The la tte r  com pletely fit the geological model of
87 86
equal age, equal in itia l Sr /S r  and chem ical closure  fo r all the sam ples. When
residual varia tion  was considerably g rea te r than expectation, we have considered
This includes both variation
87 86tha t geological varia tion  was p resen t in Sr /S r
87 86in the in itia l value for Sr /S r  from  one p a rt to another of a body of rock, and
87variations in the radiogenic Sr content of m inera ls  and w hole-rock sam ples 
induced by m etam orphism .
86V ariation in the fo rm er type may be independent of the Sr 
concentration in the sam ple and th is will be considered la te r . A lternatively,
in both types of variation the magnitude of the effect may be inversely  proportional 
86to the Sr concentration. F o r example, a differentiated  m em ber of an igneous
suite  whose common Sr content is  low will be m ore  prone to contam ination by
87 86external Sr during em placem ent and hence to variation in its  in itia l Sr /S r  , 
than m em bers with a high common Sr content. S im ilarly , the rad iom etric  ages of 
bio tite  and K -feldspar commonly become reduced during m etam orphism , and of 
these m inera ls  b io tite  always has a low content of common Sr, and the K -feldspar
often has a low content, (the la tte r  is  certain ly  the case for the H eem skirk
86 87 86granite). A low Sr content is  usually associated  with a high value fo r Rb /S r  ,
Consequently in the second s ta tis tica l model for a ssess in g  isochron
p a ram e te rs , adm itting geological variation, we have assigned the geological
variance (i. e. any variance in the reg ress io n  in excess of the experim ental
87 86
variance) to the Sr /S r  co-ord inate, but in addition we have re la ted  i t  to
the values for R b ^ /S r ^ 6. 
R b ^ /S r 86 is  of the form
Following the observation that the variance in
V ar (Rb87/S r 86) C (Rb87/S r 86) 2
11.
we have assum ed that the geological variance is  a lso  proportional to 
(Rb /S r  ) .
This assum ption received  som e support from  the analysis of
87 86
data which included b io tites having high Rb /S r  in addition to whole rock  
sam ples. The estim ates from  the data of (Obs. -  E s t.)  /  S. E. for instrum ental
F or these high87 86variation only, showed no consisten t trend  with Rb /S r  
87 86values of Rb /S r  the principal component of experim ental variation com es
from  B VAR X indicating tha t any additional variation should be of th is fo rm ,
,87  . 86 2
i. e. proportional to (Rb /S r  ) .
Accordingly the variance of the residue  has been augmented 
2 2 2to (P X. + VAR Y. /  ND^ + B C X . /  ND^ w here P is  determ ined ite ra tive ly
to make the m ean square  of weighted deviates equal unity. Values of A, B,
S. E. S. E. for th is se t of assum ptions a re  thus available.
A f B
We feel that th is second model may be applicable to isochrons 
of cogenetic and coeval sam ples which have undergone slight red istribu tion  
of radiogenic strontium  since crysta lliza tion , and to m ore ex trem e cases of 
open system  behaviour.
87 . 86
In the th ird  model i t  is  assum ed that variation in Sr /S r
87 86
is  independent of Rb /S r  . F o r this model the variance of the residue is
estim ated as Q + VAR Y. /  ND. + B CX. /ND. w here Q is  determ inedl i  l i
ite ra tive ly  to m ake the m ean square  of weighted deviates equal unity. This
87 86
model is  considered applicable for sam ples with different in itia l Sr /S r  , 
such as shales with inheren t radiogenic strontium , som e m etam orphic rocks, 
and even for sam ples from  extensively d istributed  igneous rocks of the sam e 
suite.
T here  is  som e in ternal evidence on the re la tive  suitability  of
the a lternative m odels o r a com prom ise between them . If model (2) is  assum ed
when in fact (3) is  applicable, th e re  will be a tendency fo r the absolute differences
87 86between observed and estim ated  Sr /S r  , each divided by i ts  standard e r ro r ,
12 .
to decrease with increase in X. With the appropriate model positive and 
negative slopes are equally likely. Conversely if model (2) is applicable 
and model (3) assumed, the trend will tend to be positive.
The routine of analysis is then to fit the isochron taking 
into account only instrumental variation. If the weighted mean square is less 
than unity the analysis terminates at this point. Otherwise the analysis fits 
models (2) and (3) and for each model determines the slope of (ABS(OBS. -EST) VSE.) 
on . There are four possibilities:
Model (2) 
+ ve
- ve 
+ ve
- ve
Model (3) 
+ ve
- ve
- ve 
+ ve
The first favours model (2), the second model (3), the 
third is indeterminate while the fourth if anything favours a mixed model - 
model (4). The analysis in this event proceeds to the fitting of constants, 
the variance being estimated as PX“ + Q + VAR /ND. + B~C X^  /ND^.
The analysis iterates to a weighted mean square of one and slope zero.
The anomalous third possibility is likely to occur only 
with isochrons with high MSWD and few samples and would ordinarily be 
resolved by taking additional samples.
It will be appreciated that the determination of SE's 
rests on the assumptions as to the appropriateness of the model and is valid 
only if the model and the constants of geological variation (P, G) are correct. 
No allowance can be made for defects in these assumptions. The main virtue 
of making the analysis over the various models for geological variation is the 
prospect that out of cumulated experience of the analysis with rocks from 
various sources and histories a pattern will emerge of the model most likely
13.
to be appropriate in any particular circumstance. This judgment in any 
specific instance will be given reliable support from the internal evidence of 
signs of slopes only if the range of X is substantial and if there are many 
samples,
A Fortran program suitable for use on the 3600 CDC computer 
has been written to facilitate the calculation. Copies of this program can 
be made available. An example of the print-out for one isochron is given 
in Table 2.
To compare estimates of A and B for two isochrons one can 
compute the ratio of the difference to the root of the sum of the corresponding 
variances. The ratio is approximately distributed as Student’s ”t” with 
degrees of freedom given by :
[ SE12 + SE22 ]2 /  [ Se /  /D F 1 + SE24 /  DF2 ]
Practical application. The total-rock data from the Heemskirk granite in
Tasmania, and from a number of Precambrian rock-units from the Kalgoorlie-
Norseman region, Western Australia, have been used as test material in the
development of the statistical model presented in this paper. A comparison is
now described between the results of the new treatment, which we will term
”two-error regression”, with the simple ”no-error-in-x” regression employed
by Brooks and Compston (1965) for the Heemskirk granite.
The Heemskirk granite is readily divisible into three types -
red, white A, and white B - in field, petrographic and chemical properties.
Even without statistical treatment, the Rb-Sr data plainly indicate that this
internal division is also accompanied by significant differences in initial 
87 86Sr /Sr ratio. Table 3 shows the isochron parameters for each of the
granite divisions based on the simple regression model, including the 95%
87 86 87 86confidence limits for age and initial Sr /Sr based on the residual Sr /Sr
variance in each regression. Statistical tests using the latter show that no
differences in age are detected between the three divisions, but they confirm
87 86the differences in initial Sr /Sr . In addition it was found that the residual
14.
87 86variance in Sr /S r  for both the white A and white B isochrons could be
attribu ted  alm ost en tire ly  to experim ental e r ro r ,  but that fo r the red  granite was
fa r  g re a te r . Brooks and Compston in fe rred  from  th is that a range in in itial 
87 86Sr /S r  existed in the red  granite a t the tim e of crysta lliza tion , although 
they could not exclude the alternative explanation of a  chem ical opening of 
som e of the w hole-rock sam ples to p o st-c rysta lliza tion  movement of Rb and 
Sr.
A com parison of the above th ree  exam ples between the p resen t
trea tm en t and the sim ple ”no e r ro r  in X*1 reg ress io n  is  given in Table 3. The
87 86bounds quoted with the age and in itia l Sr /S r  fo r the ’’two e r ro r  reg ress io n ”
a re  the 95% confidence lim its  calculated from  the SE’s of slope and in tercep t
based on laboratory  estim ates of variances. These have been assigned the
(N -  2) degrees of freedom  of the isochron to be conservative. In general the
p resen t trea tm en t gives a sm aller confidence in terval fo r the in tercep t and a
higher confidence in terval fo r the slope or age than with the sim ple reg ression  
87 86 87 86of Sr /S r  on Rb /S r  giving all points equal weight. In the p a rticu la r case
of the white B g ran ites , fo r which the reg ress io n  is  within experim ental e r ro r ,
87 86
the confidence in terval for in itia l Sr /S r  is  higher for the p resen t method than 
the sim ple reg ress io n . This re su lt is  exceptional and has a risen  from  the use 
of pooled laboratory  estim ates of experim ental variation which in th is instance 
gave estim ates of varia tion  to the points substantially  in excess of th e ir variation 
about the line (MSWD = 0.31).
The reg re ss io n  for the white A granite  (Table 3) has a MSWD = 4 .31 , 
and is  significant a t the 5% level so the possib ility  of a geological v a ria tio n  in 
addition to experim ental variation cannot be d ism issed . This excess residual 
variance has been found to be m ost appropriately  d istribu ted  independently of X 
(Model 3).
D etails of the reg ress io n  fo r the red  g ran ites a re  given in Table 3, 
and an example of the com puter output is  Thble 2. In th is  case a substantial
15.
"geological effect" ex ists  (MSWD = 50.10). In proceeding to stage 4 the
analysis has assigned the excess residual variance partly  proportional to and
87 86p a rtly  independent of X (i. e. Rb /S r  ) so as to make the [ D IFF/SE | free
of trend  with X. Had i t  been possible to d istribu te  th is  excess residual variance
proportional to X (Model 2), o r independent of X (Model 3), so as to make
I D IFF/SE ] free  of trend  with the v a ria te  the calculation would have stopped
afte r stage 3, and e ither Model 2 o r 3 would have been recom m ended.
Com parison of the re su lts  of the sim ple reg ress io n  and full
tw o -e rro r  reg re ss io n  trea tm en ts  shows that the estim ated age of the red
granite  (Model 4) has been reduced by about one p er cent, but those of the two
others a re  essen tia lly  unchanged. However, the sim ple trea tm en t has
underestim ated  the uncertain ty  in  the age and overestim ated  the uncertainty 
87 86in in itia l Sr /S r  . This is  p a rticu la rly  so for the uncertain ty  of the age for
the white B gran ite . We have considerably m ore confidence in the use of these
rev ised  uncertain ty  estim ates to answ er questions dealing with possib le rea l
87 86differences in the age and in itia l Sr /S r  of the th ree  divisions. We now find
that these  data de tec t d ifferences in the apparent age§, a t the 5% level, between
87 86the g ranite  types, as well as the differences in in itia l Sr /S r  detected 
previously by the sim ple reg ress io n  method. For example the age of the 
red  g ran ite  is  significantly lower than the white B granite . This is  consistent 
with an e a r lie r  observation that the biotite age of the red  granite  is  significantly 
g rea te r than its  to ta l-ro ck  age (Brooks and Compston (1965), and as d iscussed  
by Brooks (1965)). We now believe that the total -ro ck  sam ples of this g ranite  
w ere open chem ical system s during p o st-c rysta lliza tion  period of sericitization  
of the component fe ld sp ars  (A rriens et a l. (1966)). M oreover, we now also 
detect d ifferences in ages of the white A and B g ran ites, which was not detected 
by the sim ple re g re ss io n , though Brooks and Compston (1965) suspected a 
possible d ifference in age.
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TABLE 1.
, 87 /ei 86
EXPERIMENTAL VARIANCE OF Rb /S r __.
. 87  /ei 86  
R b / S r O b s e r v e d I D '6
E s t im a t e d O b s e r v e d O b s . E s t
= X x 2 V A R  X V A R  X / X 2 V A R  X  =
E s t .  V A R S. E . S . E .
(1 D . F . ) 1 2  X 2 1 0 ' 6 X
. 6 9 . 4 7 0 . 0 0 0 0 0 4 . 1 / 6 . 0 0 0 0 1 - . 0 0 0 0 1 • 0 0 0 0 1 2 8 3 - . 7 9 5 8 2 5
1 . 3 9 1 . 9 3 . 0 0 0 0 3 2 3 . d / 8 . 0 0 0 0 4 O. OCn OO . 0 0 0 0 5 1 7 9 . 0 1 3 7 4 9
2 . 4 6 6 . 8 b . O O O l o 1 6 . 8 4 4 . 0 0 0 1 5 - . 0 0 0 0 5 . 0 0 0 1 6 2 2 2 - . 3 3 5 1 9 4
2 . 6 8 7 .  18 . 6 0 6 4 2 3 0 , 4  / O . 0 0 0 1 6 . 0 0 0 2 3 . 0 0 0 1 9 2 5 3 1 . 2 2 9 7 7 7
3 . 1 9 1 0 . 1 7 . 0 0 0 0  7 6 . 0 / 8 . 0 0 0 2 3 - . 0 0 0 1 8 . 0 0 0 2 7 2 7 6 - . 6 9 5 0 1 7
4 . 0 0 1 6 . 0 0 . (JO 1 5 1 9 4 . 3  / 3 . 0 0 0 4 0 . 0 0 1 1 0 . 0 0 0 4 2 8 9 0 2 . 5 6 8 9 4 7
1 0 . 5 1 1 1 0 . 4 6 .  6 0 9  6 6 6 7 . 4  3 2 . 0 0 2 8 ] . 0 0 6 8 4 . 0 0 2 9 6 1 0  7 2 . 3 1 0 7 0 5
1 7 . 8 9 3 2 0 . 0 5 . 0 0 0 4 5 1 . 4 0 6 . 0 0 8 1 6 - . 0 0 7 / 1 . 0 0 0 5 7 9 5 3 - . 8 9 9 1 7 7
1 8 . 8 2 3 5 4 . 1 9 . 0 0 8 0 0 1 4 . 1 1 6 . 0 0 9 0 3 - . 0 0 4 0 3 . 0 0 9 4 9 4 7 2 - . 4 2 5 0 1 9
2 0 . 4 b 4 1 8 . 2 0 . 0 0 4 0 5 9 . 0 6 4 . 0 1 0 6 6 - . 0 0 6 6 1 . 0 1 1 2 1 0 6 2 - . 5 9 0 3 6 3
2 b . 2 3 8 3 6 . 3 8 . 0 2 4 4 0 3 6 . 0 1 7 . 0 1 6 2 3 . 0 0 7 9 6 . 0 1 7 0 6 3 8 8 . 4 6 6 5 7 2
3 4 . ^b 1 1 7 9 . 9 ^ . 0 2 8 6 0 2 4 . h u 8 . 0 3 0 0 9 - . 0 0 1 2 9 . 0 3 1 6 2 9 8 2 - • 0  4 1 0 9  4
3 b . 2 0 1 2 3 9 . 0 4 . 0 0 2 4 6 1 . 9  7 7 . 0 3 1 6 0 - . 0 2 9 1 5 . 0 3 3 2 1 4 5 6 - . 8 7 7 8 6 5
3 6 . 4 i 1 3 2  5 . 6 0 . 0 0 4 0 5 3 , 6 8 3 . 0 3 3 8 1 - . 0 2 9  / 6 . 0 3 3 3 3 7 3 1 - . 8 3 7 6 6 3
4  7 . 1 8 2 2 2 5 . 9 8 . 0 6 7 / 6 3 9 . 4 3 4 . 0  5 o  76 . 0 3 0 9 9 . 0 5 9 6 7 0 4 3 . 5 1 9 4 5 2
4 8 . 0 8 2 3 0 9 . 76 .  u 6 0  3 3 4 6 . 2 1 4 . 0 3 6 9 2 . 0 0 1 6 2 . 0 6 1 9 1 7 1 3 . 0 2 6 2 9 2
b O . b b 2 5 5 5 . 3 0 . 6 0 2 4 8 . 9  3 6 . 0 6 8 1 8 - . 0 6 2 7 3 . 0 6 6 4 9 9 2 1 - . 9 1 5 8 6 1
b l  . 6 1 2 6 6 3 . 8 9 .  U 1 4  4 3 3 . 4 ^ 3 .  0 6  7 9 4 - . 0 5 3 4 9 . 0 / 1 4 0 2 1 0 - . 7 4 9 2 5 2
b 2 . 3 8 2 7 4 3 . 6 6 . 0 0 1 2 3 . 4  3 3 . 0 6 9 9 9 - . 0 6 8  74 . 0 7 3 5 4 8 5 8 - . 9 3 4 6 3 2
6 4 . 7 4 4 1 9 1 . 2 6 . 6 3 1 2 3 / .  4  3 3 .  1 0 6 9  1 - • 0  7 5 6 6 .  1 1 2 3 5 4 0 4 - . 6 7 3 4 8 9
9 b . 4 y y i 1 8 . 3 4 . 3 2 0 0 0 3 8 . 0 9 4 . 2  3 2 6 0 . 0 8 7 3 9 . 2 4 4 4 3 2 5 7 . 3 5 7 5 2 6
1 0 6 . 4 0 1 1 3 2 0 . 9 6 . 1 6 0 0 0 1 3 . 6 9 9 . 4 0 8 7 9 - . 1 0 8 7 9 . 3 0 3 4 7 7 5 4 - . 3 5 8 5 0 3
1 5 4 . 4 0 2 3 8 3 9 . 3 6 . 0 5 0 0 0 2 . 0 9 7 . 0 0 8  1 4 - . 5 5 8 1 4 . 6 3 9 0 5 4 4 9 - . 8 7 3 3 8 7
2 0 1 . 1 0 4 0 4 4 1 . 2  1 . 6 0 5 0 0 1 4 . 9 3 9 1 , 0 3 1 6 b - . 4 4 6 6 3 1 . 0 8 4 0 9 5 2 8 - . 3 9 3 5 5 8
3 9 2 . 9 0 1 5  4 3  7 0 . 4 1 1 1 . 0 4 8 0 0 7 1 . 3 4 6 3 . 9  3 / 9 6 / . 1 0 7 0 1 4 . 1 3 8 1 6 0 7 9 1 . 7 1 7 4 3 2
3 9 2 . 9 0 1 8 4 3 7 0 . h i 3 . 1 1 . 6 0 0 3 3 . 1 6 6 3 . 9  3 7 9 6 1 . 1 6 2 0 1 4 . 1 3 8 1 6 0  7 9 . 2 8 5 6 3 6
3 9 2 , 9 U 1 3 4 3 7 0 . 4 i 6 .  7 0  2 3 u 3 6 . 3  74 3 . 9 3  7 9 6 4 .  / o  4  3 1 4 . 1  . > 6 1 6 0 7 9 1 .  1 5 1 3 5 9
4 8 1 . 0 0 2 3 1 3 6 1 . 6 0 4 . 6 0 3 6 6 2 0 . 7 6 6 5 . 9 0 2 0 1 - 1 . 0 9 7 0 1 6 . 2 0 2 0 2 4 2 0 - .  1 7 6  8 8  0
5 4 1 . 0 0 2 9 2 6 8  1 . 0 0 6 . 4  6 i_i 0  0 2 4 . 1 4 0 / .  4 O 6  2 9 - . 9 8 6 2 9 7 . 6 4 3 8 1 0 8 6 - . 1 2 5 / 0 9
7 8 5 . 2 0 6 l 6 5 3 y . 0 4 1 3 . 0 0 5 0 0 2 1 . 0 9 3 1 5 . 7 2 7 9 1 -  2 . 7  2 2 9 1 1 6 . 5 2  73 / 5  18 - . 1 6 4 7 5 1
8 2 2 . 9 0 6 / 7 1 6 4 . Hi 1 . 6 2 0 0 0 2 . 3 9 2 1 7 . 2 7 4 4 6 - 1  9 . 6 8 4 4 6 1 6 . 1  5 2 5 4 1 1 0 - . 8 6 2 3 8 4
8 7 4 . 2 0 7 6 4 2 2 5 . 6 4 1 4 . 0 4 8 0 0 1 6 . 3 / 8 l y . 4 9 9 3 9 - 5 . 4 5 0 3 9 2 0 . 4 8 6 3 6 5 1 1 - . 2 6 6 0 4 9
1 2  2 3 . 7 0 1 4 9  7 4 4 1 . 6 9 1 2 6 . OOoOO 8 8 . 4 / 9 3 8 . 1 9 9 7 3 8 9 . 8 0 0 2 6 4 0 . 1 4 1 4 6 5 5 4 2 . 2 3 7 0 9 4
1 4  b y  .  ‘W 2 1 2 9 8 4 8 . 3 6 1 .  1 2 3 0 0 . 3 4  8 5 4 . 3 3 2 4 3 - 5 3 . 2 0 7 4 3 5 7 . 0 9 4 1 9 9 4 8 - . 9 3 1 9 2 3
N = 34 2  10"6 x VAR X /X 2 = 867. 238 C = 1 0 '6 x 867. 238/34 = . 00002551.
TABLE 2.
COMPUTER OUTPUT FOR TREATMENT OF THE RED
Instrum ental V ariation
GRANITE.
A = 0.721181946 B = 0.004800334
Mean square of weighted deviates = 50.10
SE of A = 0.000292 SE of B = 0. 00001108
Initial Ratio = 0 .7 2 1 1 8 - 0.00065 Age = 344.5 -  1.8 m .y .
X Y EST Y DIFF EXPERI­
MENTAL
DIFF/5
SE
1.5500 0.726800 0.728622 -0.001822 0.000471 -3 .87
12.3950 0.784900 0.780682 0.004218 0.000394 10.71
20.4450 0.820000 0.819325 0 .000675 0.000483 1.40
20.4350 0.815600 0.819277 -0.003677 0.000482 -7 .62
20.6100 0.816000 0.820117 -0.004117 0.001407 -2.93
24.9000 0.832200 0.840710 -0.008510 0.000764 -11.13
28.5300 0.864200 0.858135 0.006065 0.000591 10.26
51,5950 0.961650 0. 968855 -0.007205 0.001283 -5 .61
50.5400 0.958350 0. 963791 -0.005441 0.001271 -4. 28
86.5100 1.135100 1.136459 -0.001359 0.002476 -0 .55
106.4000 1.229950 1.231937 -0.001987 0.002047 -0. 97
157.3500 1.490000 1.476515 0.013485 0.002853 4. 73
Instrum ental and Geological V ariation proportional to X 
A = 0. 719474864 B = 0. 004825661
Mean square of weighted deviates = 1.00
SE of A = 0.000596 SE of B = 0.00006896
In itial Ratio = 0.71947 - 0.00133 Age = 346.3 -  11.1 m .y .
X Y EST Y DIFF SE D IFF/SE
1.5500 0.726800 0.726955 -0.000155 0.000569 -0 .27
12.3950 0. 784900 0.779289 0.005611 0.002586 2.17
20.4450 0.820000 0.818136 0.001864 0.004243 0.44
20.4350 0.815600 0.818087 -0.002487 0.004241 -0 .5 9
20.6100 0.816000 0.818932 -0.002932 0.004476 -0 .65
24.9000 0.832200 0.839634 -0.007434 0.005191 -1 .43
28.5300 0.864200 0.857151 0.007049 0.005912 1.19
51.5950 0.961650 0.968455 -0.006805 0.010715 -0 .6 4
50.5400 0.958350 0.963364 -0.005014 0.010498 -0 .48
86.5100 1.135100 1.136943 -0.001843 0.018008 -0 .10
106.4000 1.229950 1.232925 -0.002975 0.022033 -0 .1 4
157.3500 1.490000 1.478793 0.011207 0.032568 0.34
Slope of ABSF (DIFF/SE) on X -  0.00609774
(Table 2 Contd)
Instrum ental and Geological V ariation independent of X 
A = 0.717596394 B = 0.004857610
Mean square  of weighted deviates = 1.00
SE of A = 0.002424 SE of B = 0.00003906
Initial Ratio = 0 .7 1 7 6 0 - 0.00540 Age = 348.6 -  6 .3  m .y .
X Y EST Y DIFF SE D IFF/SE
1.5500 0.726800 0.725126 0.001674 0.005563 0.30
12.3950 0.784900 0.777806 0.007094 0.005557 1.28
20.4450 0.820000 0.816910 0.003090 0.005564 0.56
20.4350 0.815600 0.816862 -0.001262 0.005564 -0 .23
20.6100 0.816000 0.817712 -0.001712 0.005719 -0 .30
24.9000 0.832200 0.838551 -0.006351 0.005596 -1 .13
28.5300 0.864200 0.856184 0.008016 0.005575 1.44
51.5950 0.961650 0.968225 -0.006575 0.005691 -1 .16
50.5400 0.958350 0.963100 -0.004750 0.005688 -0 .84
86.5100 1.135100 1.137828 -0.002728 0.006079 -0 .45
106.4000 1.229950 1.234446 -0.004496 0.005916 -0 .76
157.3500 1.490000 1.481941 0.008059 0.006248 1.29
Slope of ABSF (DIFF/SE) on X 0. 00261229
Instrum ental and Geological variation proportional to and independent of X. 
A = 0.718946897 B = 0.004821355 
Mean square  of weighted deviates = 1.00
SE of A = 0.002277 SE of B = 0.00005063
In itial Ratio = 0.71895 - 0.00508 Age = 346. 0 -  8 .1  m .y .
X Y EST Y DIFF SE D IFF/SE
1.5500 0.726800 0.726420 0.000380 0.004627 0.08
12.3950 0.784900 0.778708 0.006192 0.004674 1.32
20.4450 0.820000 0.817519 0.002481 0.004775 0.52
20.4350 0.815600 0.817471 -0.001871 0.004774 -0 .3 9
20.6100 0.816000 0.818315 -0.002315 0.004956 -0 .47
24.9000 0.832200 0.838999 -0.006799 0.004880 -1 .3 9
28.5300 0.864200 0.856500 0.007700 0.004922 1.56
51.5950 0.961650 0.967705 -0.006055 0.005624 -1 .08
50.5400 0.958350 0.962618 -0.004268 0.005590 -0 .76
86.5100 1.135100 1.136042 -0.000942 0.007216 -0 .13
106.4000 1.229950 1.231939 -0.001989 0.007925 -0 .25
157.3500 1.490000 1.477587 0.012413 0.010545 1.18
Slope of ABSF (DIFF/SE) on X -0.00005678
TABLE 3
Simple Two e rro r  regression
Regression Instrumental variation Instrumental and Geological 
only variation
Model 1 MSWD Model 2 Model 3 Model 4
AGE ESTIMATES (m .y.)
Red granite 350 - 6 344 -  2 50.10 346 - 11 349 - 6 346 -  8
White series  A 
granite 353 -  3 352 - 3 4.31 352 - 6 352- 4 _
White series  B 
granite 357 -  1.5 357 -  6 0.31 - - -
INITIAL Sr8?/S r86 ESTIMATES
Red granite 0.7160^0.0063 0.7212 
-  .0007
50.10 0.7195
-0.0013
0.7176 
-0.0054
0.7190 
- 0.0051
White Series A 
granite 0.7340-0.0020 0.7343 
- 0.0012
4.31 0.7340 
-0.0022
0.7341 
-  0.0020 -
White Series B 
granite
0.7404-0.0023 0.7408 
-  0.0036
0.31
TABLE 1.
87 86Instrumental variance of Rb /S r .
TABLE 2. Computer output listing for treatment of the red granite.
TABLE 3. Comparison of isochron param eters 95% confidence intervals 
as estimated by alternative regression methods. The results 
for the White series B granite are  now based on 4 samples, 
rather than only the 3 reported by Brooks and Compston (1965).
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